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ABSTRACT

TCE is currently remediated using physical methods like air stripping and granular
activated carbon adsorption. While physical and chemical processes work on a site-specific
basis, biological strategies have been favored as they are economical and reliable. The
objective of this work was to determine the feasibility of using palm oil as an electron
donor in the reductive dechlorination of TCE to ethene. Palm oil was considered for the
study because it is locally grown in many parts of the world. The palm oil that does not
meet the industry standards is discarded. Despite the environmental impacts caused by the
palm oil industry as a whole, the utilization of discarded palm oil for bioremediation will
be cost-effective. It is a slow fermenting substrate that is known to inhibit methanogenesis.
Two of the three objectives were to determine if palm oil serves as an electron
donor for the reduction of TCE and to compare the performance with other common
electron donors like Acetate-lactate mixture and EOS and to evaluate the methane
generated by each of the donors during the process. The batch experiments demonstrated
that palm oil promoted the complete reduction of TCE to ethene with minimal methane
production when compared to the other electron donors tested. The amount of methane
produced in the bottles with Emulsified Oil Substrates (EOS) and palm oil is less than in
those with the acetate-lactate mixture. The paucity of methane observed is likely due to the
accumulation of long-chain fatty acids (LCFA), mainly palmitic acid, during the
fermentation of the electron donor, which inhibits methanogenesis. When carrying out in
situ bioremediation, the generated methane accumulates in the aquifer and may escape if
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water reaches the surface or if the aquifer is shallow. If methane escapes to the
environment, it causes adverse effects as it is a greenhouse gas. Thus, the aim of the
research is to see if palm oil can promote quick reductive dechlorination of TCE ultimately
to ethene with minimal methane production. The other objective of my work was to
investigate the effect of adding exactly the stoichiometric need of electron donor and excess
electron donor on the TCE degradation rate. Based on the current and past studies by Wei
& Finneran, I inferred that adding excessive electron donors, as opposed to the
stoichiometric need, does not speed up the reductive dechlorination process but allows
other microbial processes to compete for electrons. Adding the stoichiometric requirement
is beneficial as the low partial pressure of hydrogen gives a competitive advantage for the
dechlorinators over the methanogens. The techno-economic analysis based on the
experimental data also demonstrated that palm oil is an economical option when compared
to the other electron donors considered for the experiment. Thus overall, palm oil can be
used as an efficient and economical alternative for the existing electron donors available in
the industry.
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I.

CHAPTER ONE - INTRODUCTION

Trichloroethylene (TCE) is among the many contaminants that have gained
widespread attention since the early 1980s due to its hazardous nature and persistence in
the environment. It is a synthetic, light-sensitive, volatile, colorless liquid that is miscible
with many non-polar organic solvents (PubChem, 2020) and is categorized as a volatile
organic compound (VOC). It has a density of 1.456 g/mL (Dane et al., 1992), which is
slightly higher than that of water (1 g/mL). Thus, when there is a surface spill or leaching
from a landfill containing TCE, there is a downward movement of the contaminant through
the subsurface, resulting in the formation of a plume of dense nonaqueous phase liquid
(DNAPL) in the aquifer. The transport of the DNAPL through unsaturated zones presumes
a distribution of preferential pathways (Huling, 1991). It has low solubility in water, high
Henry’s law constant, and high vapor pressure making it favorable for its efficient transfer
into the atmosphere from the liquid phase. It is a highly oxidized compound that readily
accepts electrons in a reducing environment and resists further oxidation (Russell et al.,
2019).
Due to its high boiling point and solvent effects, it is a widely used degreasing
agent. TCE also finds its application in textile processing, refrigeration, production of
lubricants, adhesives, insecticides, and pharmaceuticals (Pant and Pant, 2010). The various
transport mechanisms of TCE include atmospheric release from vapor degreasing
operations, surface water contamination via direct discharges, soil and groundwater
contamination through leaching due to inappropriate disposal methods, indoor air release
from the use of consumer products, vapor intrusion from groundwater through
1

underground walls and floors (Hers et al., 2001), and volatilization from the water supply
(US EPA Sources, 2001). Stochastic effects are cancer and genetic effects that occur by
chance, whose probability is proportional to the dose but has no threshold level of dose
(US NRC, 2021). TCE has no proven stochastic effect. But vinyl chloride (VC), when
metabolized by the liver, is known to be carcinogenic due to epoxidation by the liver
oxidase enzyme (Wagoner, 1983). Thus, extensive research work has been conducted in
the field of TCE remediation.
1.1
1.1.1

TCE AND ITS DEGRADATION PATHWAY
TCE degradation pathway
TCE is a halocarbon with a chemical composition of C2HCl3. It undergoes reductive

dechlorination to form the daughter products, cis-1,2-dichloroethylene (cis-DCE), vinyl
chloride (VC), and ethene. The half reactions of the sequential reductive dechlorination of
TCE is given below in equations (1) – (3):
C2HCl3 + H+ +2e- → C2H2Cl2 + Cl(TCE)

(1)

(cis-DCE)

C2H2Cl2 + H+ +2e- → C2H3Cl + Cl-

(2)

(VC)
C2H3Cl + H+ +2e- → C2H4 + Cl-

(3)

(Ethene)
There is a consumption of two electrons in every step, and one chlorine molecule
is replaced by a hydrogen molecule. Thus, the entire process requires six electrons.
Perchloroethylene (PCE), the precursor of TCE, is a strong oxidant when compared to all
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the naturally occurring electron acceptors in groundwater, with the exception of oxygen
(Vogel et al., 1987). Thus, PCE readily undergoes dechlorination to TCE in anaerobic or
anoxic conditions. The conversion from TCE to cis-DCE is favored under Fe(III) reducing
conditions and in a more strongly reducing environment (Chapelle, 1996). Dechlorination
of cis-DCE to VC occurs under sulfate-reducing and methanogenic conditions(Vogel et al.,
1987). Finally, the conversion of VC to ethene is a slow process that requires highly
methanogenic, reducing conditions (Freedman and Gossett, 1989) Thus, the conversion of
VC to ethene is the rate-limiting step.
Different methods have been tried and tested to remediate the amount of TCE in
the environment. Some of these include air stripping, carbon adsorption, soil venting, inwell aeration, in situ chemical oxidation and reduction, and bioremediation (Russell et al.,
2019). Most of these methods have high operations and maintenance costs and are not
economically viable. Hence, bioremediation is preferred over the rest. Unlike most of the
other methods where there is only transfer from one phase to another, in biodegradation,
TCE is completely converted to a harmless end-product, ethene, which also meets
regulatory requirements. The only uncertainty to using this method is that if it is not
completely reduced, the intermediate VC is more carcinogenic than TCE itself. As the
conversion from VC to ethene is a rate-limiting process (Major et al., 2002), it is crucial to
ensure complete dechlorination.
Reductive dechlorination of TCE can be done ex situ and in situ. Some common ex
situ methods include extraction of contaminated aquifer material and groundwater from the
source and treating it in anaerobic bioreactors (Worsztynowicz et al., 2005), membrane
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biofilm reactors (Ziv-El et al., 2012), etc. These methods are cost intensive as they involve
extraction and transportation costs. Some common in situ bioremediation involves
monitoring of natural attenuation (Klecka et al., 1996), biosparging (Maitra, 2018),
bioaugmentation, hydrogen releasing compounds, and enhanced anaerobic reductive
dechlorination. The latter is enhanced by the addition of nutrients and organic compounds
to create an environment that is suitable for reduction (Fennell et al., 2001). Electron donors
are introduced to stimulate the growth of microorganisms that use chloroethenes as
respiratory terminal electron acceptors. This process is called chlororespiration (Bradley,
2003).
Several microbial communities are known to respire halogenated organic
compounds. Dehalobacter restrictus, Dehalospirillum multivorans, Desulfuromonas
chloroethenica, Dehalococcoides ethenogenes, Enterobacter agglomerans strain MS-1 are
some of the pure cultures that are known to reduce PCE and TCE to DCE (Bradley, 2003).
Dehalococcoides ethenogenes is the only pure culture that has consistently exhibited
complete reductive dechlorination of PCE to ethene which is coupled to its growth,
metabolism, and energy production (Maym´o-Gatell et al., 1999). The only known genus
other than Dehalococcoides that is capable of dechlorinating DCE isomers and VC is
Dehalogenimonas (Yu, 2019). With ethanol plus lactate as electron donors,
Dehalogenimonas sp. strain WBC-2 can dechlorinate trans-1,2-dichloroethene (tDCE) to
ethene (Manchester et al., 2012; Molenda et al., 2016).

4

1.1.2

Health effects and EPA standards
The United States has classified TCE along with PCE, cis-DCE, and VC as

hazardous substances as they exhibit toxic and carcinogenic properties when humans come
in any form of contact with them (Gaza et al., 2019). The U.S. Environmental Protection
Agency (EPA) classifies major hazardous waste sites by including them on a National
Priority List (NPL), and TCE has been detected on most of these sites (ASTDR, 2019).
Considering the human interactions with TCE, there are multiple exposure routes.
In the United States, TCE is mainly released into the atmosphere by various activities in
the industry. Thus, acute and chronic exposure to TCE affects the central nervous system,
leading to headaches, dizziness, euphoria, etc.(US EPA Sources, 2001). In industries
where TCE is produced or used, workers may be exposed to TCE through direct contact or
by inhaling the TCE-contaminated air. As TCE is moderately soluble in water, it makes
its way through the groundwater and increases the risk of exposure through drinking water
(ASTDR, 2019). A report by the Environmental Protection Agency (EPA) states that TCE
contamination is found in about 9 to 34% of drinking water supply sources (US EPA, 1999)
Another exposure route is through the consumption of TCE contaminated food and water
or by direct contact with TCE contaminated soil.
Similar exposure routes apply to both cis-DCE and VC. Short-term exposure to cisDCE causes nausea and drowsiness. It also causes adverse effects on the liver and a
decrease in the red blood cells. Long-term effects remain unknown (Harper et al., 1996).
Vinyl chloride is known to evaporate rapidly when present near the surface. In the
atmosphere, it degrades to form products like formaldehyde, hydrochloric acid, and carbon
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dioxide. The most common route of exposure is through inhalation. The effect of dermal
exposure is not pronounced as it is not easily absorbed into the skin. Integrated Risk
Information System (IRIS) has reported that chronic inhalation and oral exposure to VC
causes liver angiosarcoma, neoplastic nodules, hepatocellular carcinoma, angiomas, and
hepatomas (EPA, 2000). As these chemical species are considered contaminants in
groundwater, the United States EPA sets a maximum contamination limit (MCL) that
governs the concentrations in the drinking water. The carcinogenic risk factors and the
MCLs for TCE and its daughter products cis-DCE and VC are summarized in Table 1.

Table 1: Carcinogenic risk factors and Maximum Contamination Levels (MCL) of the
contaminants
Chemical
Oral slope factor
Inhalation Unit
MCL
(per mg/kg-day) a Risk (per µg/m3) a
(µg/L) b
TCE
4.6 x 10-2
4.1 x 10-6
5
cis-DCE

Not assessed

Not assessed

70

VC

7.2 x 10-1

4.4 x 10-6

2

a: IRIS EPA
b: ATSDR

1.1.3

Electron donors
Reductive dechlorination of TCE is dependent on the availability of electrons and

hydrogen from an external source of electron donors. Hydrogen serves as the sole electron
donor for Dehalococcoides, which is known to independently drive the process of
dechlorination of TCE completely to ethene (Haluska and Finneran, 2021). Other strains
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like Dehalospirillum and Desulfitobacterium make use of a wide range of electron donors
but do not have the ability to convert TCE to ethene (Aulenta et al., 2006).
Some common electron donors are polylactate esters, emulsified oil substrates,
propionate, butyrate, hydrogen gas, methanol, and ethanol (Azizian et al., 2010). They can
be classified into rapidly and slowly fermenting electron donors. Lactate, methanol, and
ethanol fall under the rapidly fermenting electron donors, whereas propionate, butyric acid,
and edible oils are known to be slowly fermenting electron donors (Freeborn et al., 2005).
The rapidly fermenting substrates are soluble in water and release electrons at an increased
rate resulting in a high partial pressure of hydrogen due to the rapid release of hydrogen.
On the other hand, the slowly fermenting electron donors are usually slightly soluble in
water or are in the solid-state, which ensures a slow and steady source of electrons and
hydrogen (Aulenta et al., 2006). When rapidly fermenting electron donors are used for in
situ remediations, the site has to be amended frequently at shorter intervals to ensure the
effectiveness of the donor (Harkness, 2000).
Emulsified oil substrate (EOS) is a commercial product used in bioremediation that
consists of soybean oil, emulsifier, deionized water, sodium lactate, and some
preservatives. It is known to assist complete dechlorination of TCE to ethene where the
aqueous concentrations were as high as 550 mg/L (Harkness et al., 2012). The industrialgrade EOS is known to have a droplet size in the range of a few microns. Injecting EOS
into the ground caused blockage of pores and decreased permeability, eventually leading
to a decrease in efficiency (He et al., 2018). Soybean oil is also not locally available in all
places and thus, adds to the logistics cost when shipped to such locations. Due to the
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widespread increase in the popularity of EOS, its commercialization with no other
alternatives available in the market has led to an inflation in the price.
1.1.4

Palm oil
Palm oil is an edible vegetable oil derived from the fruit of oil palm trees

(Wikipedia). The food-grade palm oil consists of approximately 45% palmitic acid, and
the rest is stearic, oleic, and linoleic acids (Montoya et al., 2014). Palmitic acid is a
saturated long-chain fatty acid made up of 16 carbon atoms (Sambanthamurthi, 2000). As
seen for EOS, the long-chain fatty acids (LCFA) are slowly degrading substances that are
known to sorb onto the sediment surface, followed by slow beta-oxidation to produce
acetate and hydrogen (Borden, 2007).
As of 2021, the leading providers of global palm oil are Indonesia with 56%,
Malaysia with 26%, Thailand with 4%, and Columbia with 2% contribution (USDA, 2021).
Central America, mainly Guatemala and Costa Rica, are increasing production
exponentially and has accounted for approximately 6% of the global palm oil production
in 2017 (Statista, 2021). To ensure the quality of palm oil being sold for human
consumption, U.S. Food and Drug Administration (FDA) has set specific standards for the
industry to meet. If the produced palm oil does not meet the food grade, it is discarded.
Thus, utilizing the disposed palm oil for bioremediation will decrease the cost incurred due
to the disposal of it safely and will also alleviate the environmental harm caused due to it.
The palm oil industry has many deteriorating impacts on the environment. To
increase the production of palm oil, there is large-scale deforestation due to the conversion
of tropical forests to oil palm plantations. These mono-crop plantations destroy the habitat
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of many endangered species. The forests are mostly cleared by burning them, which
contributes to air pollution and, in turn, climate change. But this industry already exists,
and the goal of this study is not directed towards the remedy for the environmental harm
caused by the industry. Instead, it is to make use of the waste produced by the industry and
put it to use through bioremediation.
Palm oil undergoes anaerobic fermentation, as shown in Figure 1, to produce
carbon dioxide and methane in four stages, namely, hydrolysis, acidogenesis, acetogenesis,
and methanogenesis. During the hydrolysis stage, the polymer molecules of palm oil are
hydrolyzed to monomers such as palmitic acid and glycerol. During the acidogenesis stage,
palmitic acid is decomposed into volatile fatty acids like acetic and propionic acid. The
palmitic acid is taken up by cells where it undergoes β-oxidation to form acetic acid, as
demonstrated in Figure 2. The volatile fatty acids are converted to acetic acid, hydrogen,
and carbon dioxide during the acetogenesis stage. In the final stage of methanogenesis, the
products formed in the previous step are converted to methane by methanogens (Andrew
and Manaf, 2013).

Figure 1: Anaerobic digestion stages of palm oil
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C16

• Acetic acid
• 4 electrons
• 4 hydrogen ions

C14

• Acetic acid
• 4 electrons
• 4 hydrogen ions

C12

• Acetic acid
• 4 electrons
• 4 hydrogen ions

C10

• Acetic acid
• 4 electrons
• 4 hydrogen ions

C8

•
•
•
•
•
•

C6

C4
Acetic
acid

Acetic acid
4 electrons
4 hydrogen ions
Acetic acid
4 electrons
4 hydrogen ions

• Acetic acid
• 4 electrons
• 4 hydrogen ions

Figure 2: β-oxidation pathway for palmitic acid
1.1.5

Hydrogen yield
One of the major dechlorinators, Dehalococcoides, uses hydrogen as the sole

electron donor. Calculating the electrons released according to the theoretical COD added
provides an upper estimate of what is actually available for dechlorination. Thus, the
calculation of hydrogen yield from the electron donors is crucial. The β-oxidation reactions
from the literature are given below, where every step in β-oxidation results in n-2 LCFA,
10

four hydrogen ions, and four electrons. Table 2 summarizes the hydrogen yield per mole
of substrates.

1.2

•

Palmitate- + 14H2O → 8 acetate- + 14H2 + 7H+ (Sousa et al., 2009)

•

Linoleate- + 16H2O → 9 acetate- + 16H2 + 8H+ (Sousa et al., 2009)

•

2 Lactate + 4 H2O → 2 acetate- + 2 HCO3- +4H2 (Detman et al., 2018)

•

Acetate is unable to further convert to hydrogen (Liu et al., 2005)

Substrate

Table 2: Hydrogen yield
Hydrogen yield (per mol of substrate)

Palmitate

14

Linoleate

16

Lactate

2

Acetate

-

METHANOGENESIS
Electron donors are added primarily to promote the reductive dechlorination of TCE.

But there are other competitors for the utilization of substrate or the byproducts like
hydrogen and acetate. One such process is methanogenesis. There are two kinds of
methanogens, aceticlastic and hydrogenotrophic methanogens. Aceticlastic methanogens
utilize acetic acid as a substrate to form methane. In contrast, hydrogenotrophic
methanogens utilize hydrogen as a substrate to produce methane. Organic substrates
undergo fermentation to form acetate, during which there is a release of hydrogen and
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electrons. As the major dechlorinators use hydrogen as their sole electron donor,
methanogens and dechlorinators compete for the available hydrogen. Studies have shown
dechlorinators have an advantage over methanogens when the partial pressure of hydrogen
is low as they have a higher affinity towards hydrogen (Aulenta et al., 2006).
LCFAs are known to inhibit both aceticlastic and hydrogenotrophic methanogenesis
(Lalman and Bagley, 2001), which results in the accumulation of acetic acid and reduced
methane production. Initially, LCFAs were thought to degrade via the beta-oxidation
pathway only when saturated (Novak and Dale A. Carlson, 1970). But a study has shown
that the LCFAs undergo degradation prior to saturation due to the free energy involved in
each step (Canovas-Diaz et al., 1991). The products of each β-oxidation cycle are acetic
acid, an n-2 LCFA, four electrons, and four hydrogen ions. The electrons must be moved
from cell electron carriers such as FADH and NADH to electron acceptors. Under
methanogenic conditions, the ultimate electron acceptor for electrons will be carbon
dioxide, which produces methane. However, methanogenic organisms do not degrade
LCFAs directly. The LCFA-degrading organisms must deposit electrons to an intermediate
electron acceptor, which can then be used by other organisms as an electron donor (Lalman
and Bagley, 2001). The lack of an intermediate electron acceptor could be one of the
reasons for the inhibition of methanogenesis.
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1.3

HYPOTHESIS
Palm oil will act as an effective electron donor for the reductive dechlorination of

TCE with minimal methane generation when compared to the other electron donors used
in the industry.
1.4

OBJECTIVES
1. Determine if palm oil serves as an electron donor for the reduction of TCE and
compare the performance with other common electron donors (Acetate-lactate
mixture, EOS).
2. Investigate the effect of adding the stoichiometric need and excess electron donors.
3. Evaluate the amount of methane generated by each electron donor in the presence
and absence of TCE to compare their performance.
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II. CHAPTER TWO - MATERIALS AND METHOD

2.1

SOIL AND WATER COLLECTION
Experiments were designed to best mimic in situ conditions, including oxic versus

anoxic conditions, no pH buffering, no additional trace/micronutrients to stimulate
microbial activity other than the presence and absence of added electron donors and/or
electron acceptors.
Aquifer material used in the experiments was collected from a site located in
Pickens, SC. This site was chosen as it had known contamination of chlorinated solvents,
which ensures the natural occurrence of dechlorinators. A few of the known site
characteristics are the following.
•

Anoxic conditions in the lower surface. Thus, almost no dissolved oxygen
is present in the groundwater.

•

Slightly acidic soil with pH values ranging from 4.0 to 6.0.

•

Fe (III) content of about 225 - 230 mg/kg of sediment (Ferrozine assay)

The aquifer material (Figure 3) was collected below the groundwater table to ensure
anoxic conditions. The same condition was maintained when transporting it back to the
lab. It was collected by students who previously worked in the lab, and thus, information
about the exact method of collection and the depth at which it was collected is unavailable.
It was stored in a dark walk-in incubator at 30 oC until used for experiments in its natural
form.
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The water used in all the experiment bottles was collected from Lake Hartwell and
was stored in dark opaque bottles. As the groundwater from the contaminated site was
unavailable for use, the lake water was used as an alternative. Using lake water as opposed
to using artificial groundwater served as a good substitute, as it contains the naturally
occurring nutrients, to obtain water.

Figure 3: Image of the aquifer material used for the experiments prior to adding water
2.2

PREPARATION OF ELECTRON DONORS
The electron donors used in all batch experiments were lactate, acetate, emulsified

oil substrate (EOS), palm oil (PO). The lactate and acetate stock solutions were prepared
from sodium lactate and sodium acetate, respectively. All stock was prepared in 160 mL
serum bottles. Sodium lactate was used in the form of a 60% syrup obtained from J.T.
Baker. To prepare 100 mL of 1 M lactate stock solution, 14.26 mL of sodium lactate syrup
was added to water. Sodium acetate salt was obtained from Sigma-Aldrich. The 1M stock
solution for acetate was prepared by adding 8.2 g of sodium acetate salt to 100 mL of
deionized water. The calculations are shown in Appendix C. The bottles were sealed with
15

blue butyl stoppers and were crimped with aluminum caps to ensure air-tight conditions.
Multiple similar bottles were prepared, and the headspace of the bottles was sparged with
ultra-high pure nitrogen gas for about 8 min to make it anoxic. All the bottles were
autoclaved for 75 minutes at a temperature of 120 oC to ensure complete disinfection and
to avoid cross-contamination. Acetate and lactate were added to experiment bottles
according to the requirement.
EOS, obtained from EOS Remediation, LLC, is an emulsion of 60% soybean oil,
24% water, 10% proprietary additives (likely emulsifier lecithin), and 4% sodium lactate
(Figure 4A). As the liquid is highly viscous at room temperature, it was heated on a heating
plate at 60 oC until liquified, before adding it to the experiment bottles. A micropipette by
Thermo Fischer was used to dispense the heated, less viscous oil to the bottles directly.
Food-grade palm oil, obtained from Essential Depot, was used in the experiments (Figure
4B). A similar procedure of heating the oil before using it to make it less viscous was
followed throughout. Some experiments required volumes of oil below the least volume of
the micropipette. In such cases, an oil-water emulsion was prepared by adding 1 volume of
liquified oil to 4 volumes of water and shaken vigorously to form a homogenous liquid.
The amount of emulsion dispensed into the bottles was five times the required amount of
pure oil. The drawback to this method is the separation of oil and water. The mixture is
heated and shaken vigorously just before each use to avoid phase separation.
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Figure 4: Oil-water emulsification (A) EOS (B) Palm oil
2.3
2.3.1

TCE ADDITION
Neat TCE
In the initial experiments, neat TCE was added to the serum bottles. To maintain

consistency throughout, 20 μmol was added to every bottle unless otherwise specified. As
per calculations shown in Appendix C, it corresponds to 1.8 μL of neat TCE. The specified
amount was added to the bottles using a Hamilton microliter syringe of 10 μL capacity.
During the transfer, an 18-gauge needle was pierced through the butyl stopper into which
the microliter syringe was inserted to avoid damage. After TCE was added, the bottles were
inverted and kept on an orbital shaker at 100 rpm and allowed to equilibrate for 24 hours
before taking the initial day reading.
2.3.2

TCE saturated water
TCE saturated water was used in some batch experiments. To prepare a bottle of

TCE saturated water, approximately 20 mL of neat TCE was poured into a 160 mL clean
and dry serum bottle. The serum bottle was slightly tilted, and about 100 mL of distilled
17

deionized (DDI) water was added along the wall of the bottle. The bottle was sealed with
a butyl stopper and crimped with an aluminum cap to ensure no leakage and allowed to
stand in the fume hood for a week undisturbed. This step enabled the complete partitioning
of TCE between the dense nonaqueous phase liquid (DNAPL), aqueous phase, and the
headspace. When the bottle achieved complete equilibrium, the aqueous phase reached its
solubility limit of 1,000 mg/L for TCE. Only the upper section of the aqueous phase was
extracted for experimental use, and the viscous DNAPL layer on the bottom was left
untouched. The mixture was never agitated, which might cause TCE DNAPL droplets to
rise to the surface. This stock solution could be used multiple times until the water was
depleted. As long as there was DNAPL at the bottom of the bottle, DDI water could be
added as described above. Once the DNAPL was depleted, a new bottle of TCE saturated
water was prepared.
According to the calculations shown in Appendix C, 20 μmol of TCE corresponds
to 2.63 mL of TCE saturated water. Once the required volume of TCE was added, it was
allowed to equilibrate for 24 hours in an orbital shaker.
2.4

CONTROL BOTTLES
Every batch experiment had two sets of controls. They were the killed control

(sterile) and the unamended bottles. The process of preparing the killed control bottles took
three days and was thus, prepared before the other experiment bottles. The sediment was
added, followed by lake water, and sealed with the butyl stopper and crimped with an
aluminum cap. It was sparged with ultra-high pure nitrogen gas for seven minutes to make
it anoxic. The bottles are then autoclaved for three consecutive days. It undergoes
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sterilization for about 75 min each day. It is performed for three days to prevent the growth
of bacteria from the spores, which might be unaffected during the initial autoclave runs.
The autoclaving ensures complete sterilization.
The unamended bottles, the second control, are prepared by adding sediment
followed by lake water. Similar steps of sparging are followed to make it anoxic. Both
control bottles do not receive any electron donors. They receive the same amount of TCE
that is added to the other bottles in that batch.
2.5

PREPARATION OF TCE BATCH BOTTLES

Sediment bottles preparation
All control and experimental sets were prepared as triplicates to increase accuracy.
The control bottles were prepared as described in the previous section. The sediment bottles
mimicked the natural environment as they contained solid phase, aqueous phase, and
gaseous phase. The solid phase comprised of aquifer material and liquid phase comprised
of lake water.
2.5.1

Preliminary experiment to observe the effect of different electron donors on TCE
degradation (Experiment 1)
The preliminary experiment was performed to see the response to various electron

donors, which also served as a screening exercise (Table 3). There was a varied chemical
oxygen demand (COD) input in each bottle. The controls in the experiment were sterile,
unamended, 0.1 and 1 g/L EOS, acetate-lactate at 100 mM each (corresponding to 5.91 g/L
of acetate and 8.91 g/L of lactate), palm oil at 1, 0.5, and 0.1 g/L. The experiment was set
up in clean and dried 60 mL serum bottles. Each bottle received 20 g sediment. The sterile,
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unamended, EOS, and palm oil bottles received 10 mL lake water, whereas, in the bottles
with the acetate-lactate mixture, the stock solution contributed the aqueous volume. Thus,
the volume of water added was adjusted to a final volume of 10 mL. The bottles were
sealed with blue butyl stoppers and crimped with aluminum caps. The headspace was
sparged with ultra-high pure nitrogen gas for seven minutes. Electron donors were added
to the bottles as described in the previous sections, followed by TCE addition. Each bottle
had 20 μmol of neat TCE dispensed in it. The bottles were stored in the dark at room
temperature. A summary of the experimental setup is given in Table 3.

Table 3: Setup for the preliminary experiment
COD
added
Palm Lactate Acetate
Type
Concentrations
(mg
EOS
oil
(1 M
(1 M
(Triplicates)
(g/L)
COD)
(µL) (µL)
stock)
stock)
Unamended
Sterile
1
28.53
10.9
EOS
0.1
2.85
1.09
Acetate5.91 acetate
lactate
8.91 lactate
160
1 mL
1 mL
1
28.71
10.43
Palm oil
0.5
14.35
5.215
0.1
2.87
1.043
2.5.2

The effect of different electron donors on TCE degradation in sediment bottles
(Experiment 2)
Based on the results of the preliminary experiment, the next setup focused on higher

concentrations of palm oil by excluding 0.1 g/L of palm oil and adding 0.75 g/L of palm

20

oil. The rest of the parameters remained the same. The summary of the experimental design
is shown in Table 4.

Table 4: Setup for the effect of different electron donors on TCE degradation in sediment
bottles
COD
added
Palm Lactate Acetate
Type
Concentrations
(mg
EOS
oil
(1 M
(1 M
(Triplicates)
(g/L)
COD)
(µL) (µL)
stock)
stock)
Unamended
Sterile
1
28.53
10.9
EOS
0.1
2.85
1.09
Acetate5.91 acetate
lactate
8.91 lactate
160
1 mL
1 mL
1
28.71
10.43
Palm oil
0.75
21.53
7.823
0.5
14.35
5.215
-

2.5.3

Rate of TCE degradation in medium bottles with stoichiometric electron donor
supply (Experiment 3)
The initial experiments mimicked the natural environment, and there was no control

over the nutrients supplied to the microbes for growth. The setup was switched to a
complete medium in the serum bottles to experiment in a more controlled environment. A
TCE degrading culture was obtained from Dr. David Freedman’s group. The media recipe
and method of preparation are given in Appendix A.
Clean and dried 160 mL serum bottles were used for this batch experiment. Every
bottle received 90 mL of TCE degrading medium. The remaining 10 mL was composed of
electron donors and culture inoculum. Every bottle had 20 μmol of neat TCE dispensed
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into it. To prepare the killed control, the culture was added to the bottle and then autoclaved
for 75 minutes. The acetate and lactate were added from the 1 M stock solutions. The
stoichiometric requirement of electron donors was calculated before adding. The electrons
required for complete dechlorination of TCE to ethene and any ions present in the medium
that were reduced are accounted for in the calculation (Chapter 3).
EOS and palm oil had triplicates of both the exact stoichiometric requirement and
ten times the stoichiometric requirement. With the acetate-lactate bottle, enough acetate
and lactate required to satisfy the stoichiometric need were added, which meant there were
twice as many electrons than needed theoretically. This accounted for the factor of safety.
As the required volume of EOS and palm oil is below the least volume that could be
delivered by the micropipette available, an oil-water emulsion was used. The pH of the
medium was tracked every week. The summary of the experimental setup is shown in
Table 5.
2.5.4

The effect of using neat TCE vs. TCE saturated water as an input (Experiment 4)
As the previous experiments made use of neat TCE, an experiment was designed

to compare the use of neat TCE and TCE saturated water out of concern about the
reproducibility of using neat TCE (Table 6). Four 160 mL serum bottles were used for the
experiment. All bottles had 90 mL of TCE degrading medium. Approximately 20 µmol of
TCE was added to the bottles, which translates to 1.8 µL of neat TCE in two bottles and
2.63 mL of TCE saturated water in the rest. Ten mM of lactate was used as the electron
donor. As 1M lactate stock was used, 10 mM corresponds to 1 mL of the stock solution.
Thus, to make up the final volume to 100 mL, 9 mL of culture was used to inoculate the
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bottles with neat TCE. As TCE saturated water contributed to the aqueous volume, 6.4 mL
of culture was used to inoculate the rest of the bottles.

Table 5: Setup for the rate of TCE degradation in medium bottles with stoichiometric
electron donor supply
Lactate
Acetate
COD
Palm
(µL of
(µL of
Type
added
EOS oil
1M
1M
(Triplicates)
Concentration
(mg COD) (µL) (µL)
stock)
stock)
Unamended
Sterile
3.4 mg/L (1X)

0.96

0.38

-

-

-

34 mg/L (10X)

9.6

3.8

-

-

-

8.9 mg/L Acetate

0.96

-

-

-

-

9 mg/L Lactate

0.96

-

10.2

15.1

3.4 mg/L (1X)

0.96

-

0.36

-

-

34 mg/L (10X)

9.6

-

3.6

-

-

EOS

Lactate
acetate

Palm Oil

Table 6: Setup for the effect of using neat TCE vs. TCE saturated water
Type
Lactate
Culture
Final TCE degrading
(Duplicates)

(1 M stock)

added (mL)

medium (mL)

Neat TCE

1 mL

9

100

1 mL

6.4

100

TCE saturated
water
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2.5.5

Repeated experiment performed to resolve the issue of the residual electron donor
concentration (Experiment 5)
The experiment 5 with all the electron donors in the medium bottles was a repeat

of experiment 3 shown in Table 5 because there was high activity even in the unamended
bottles. Residual electron donor from the inoculum was suspected of having played a role.
To get rid of the ambiguity, this time, the inoculum was taken from the best performing
bottle among the triplicate of each experimental and control set in that previous experiment.
The result was the dilution and decrease of any residual electron donor in the unamended
bottles by 10-fold. The rest of the method of preparation remained the same as shown in
Table 7.

Table 7: Setup for the repeated experiment performed to resolve the issue of the residual
electron donor concentration
COD
Lactate
Acetate
added
Palm
(µL of
(µL of
Type
(mg EOS oil
1M
1M
(Triplicates)
Concentration
COD) (µL) (µL)
stock)
stock)
Unamended
Sterile

-

-

-

-

-

-

3.4 mg/L (1X)

0.96

0.38

-

-

-

34 mg/L (10X)

9.6

3.8

-

-

-

Lactate

8.9 mg/L Acetate

0.96

-

-

-

-

acetate

9 mg/L Lactate

0.96

-

-

10.2

15.1

3.4 mg/L (1X)

0.96

-

0.36

-

-

34 mg/L (10X)

9.6

-

3.6

-

-

EOS

Palm Oil
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2.5.6

Enrichment of the TCE degrading culture (Experiment 6)
Multiple separate sets of enrichment bottles were set up to enhance the growth of

bacteria and to observe their activity by keeping track of the degradation of TCE. The
freshwater medium (Lovley, et al., 1993) was prepared as directed in Appendix A, and 98
mL was dispensed into three 160 mL serum bottles. The headspace was sparged with 80:20
of N2:CO2 gas for seven minutes. The bottles were autoclaved to sterilize the medium, and
once they cooled to room temperature, about 1g of soil (aquifer sediment from
contaminated site) and 1g of TCE degrading culture (obtained from Dr. Freedman’s group)
were added as inoculum. About 10 mM of lactate was added as an electron donor, and
about 20 µmol of TCE in the form of TCE saturated water was added as electron acceptor.
2.6
2.6.1

METHANOGENESIS EXPERIMENTS
Influence of all electron donors on methanogenesis (Experiment 7)
The objective of experiment 7 was to observe the influence of all the electron

donors tested in the previous experiments on methanogenesis. The matrix of the experiment
was kept the same as Experiment 3, but the addition of TCE was omitted (Table 8). The
reasoning was based on the hypothesis that in the absence of TCE, the electrons should be
directed towards methanogenesis. To get a better comparison, the parameters were kept the
same. i.e., the amount of electron donors added was the same as in Experiment 3. About
90mL of TCE degrading medium was dispensed into 60mL serum bottles, and the rest of
the 10 mL was made up by the culture and electron donors as described in Table 8.
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Table 8: Setup for the influence of all electron donors on methanogenesis
COD
Lactate
Acetate
added
Palm
(µL of
(µL of
Type
(mg EOS oil
1M
1M
(Triplicates)
Concentration
COD) (µL) (µL)
stock)
stock)
Unamended
Sterile
EOS

Lactate
acetate

Palm Oil

2.6.2

3.4 mg/L (1X)

0.96

0.38

-

-

-

34 mg/L (10X)

9.6

3.8

-

-

-

8.9 mg/L Acetate

0.96

-

-

-

-

9 mg/L Lactate

0.96

-

-

10.2

15.1

3.4 mg/L (1X)

0.96

-

0.36

-

-

34 mg/L (10X)

9.6

-

3.6

-

-

Influence of different palm oil concentrations on methanogenesis (Experiment 8)
Experiment 8 was designed to study the influence of different concentrations of

palm oil on methanogenesis, which would determine the potential methane production by
palm oil. As the TCE degrading culture had a lesser number of methanogens in it,
Experiment 8 made use of fresh methanogenic digester sludge as inoculum. The sludge
was obtained from a digester run by Jessica Deaver, of Environmental Engineering and
Earth Science, Clemson University. Clean and dried 160mL serum bottles were used for
the experiment. About 95 mL of freshwater medium was added and 5mL of digester sludge
rich in methanogens was added to each bottle. The control bottles were triplicates of just
the medium and the digester sludge. The experimental bottles tested four different
concentrations. The starting point was derived from the experiment 3, and the rest were
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multiples of it. The concentrations tested include 3.4 mg/L, 34 mg/L, 170 mg/L, and 340
mg/L corresponding to one (1X), ten (10X), fifty (50X) and hundred (100X) times the
stoichiometric need as shown in the Table 9. Palm oil was heated and added directly to the
bottles using a micropipette. The bottles were sealed with blue butyl stoppers and crimped
with aluminum caps. The headspace was sparged with ultrahigh pure nitrogen gas for seven
minutes to ensure a complete anoxic environment. The initial (day zero) reading was taken
as soon as the bottles were prepared.

Table 9: Setup for the influence of different palm oil concentrations on methanogenesis
Methanogenic
Type
digester
Freshwater
Palm oil
(Triplicates) Concentration
Units
sludge (mL)
medium (mL)
(µL)
Unamended
5
95
3.4 mg/L (1X)
5
95
0.36
34 mg/L (10X)
5
95
3.6
Palm Oil
170 mg/L (50X)
5
95
18
340 mg/L (100X)
5
95
36
2.7

ANALYTICAL METHODS
Sampling was done on a weekly basis, and the initial (Day 0) reading was taken

after allowing the bottles to equilibrate for 24 hours. Gas samples were taken from the
headspace of the experimental bottles. The collection was done using a VICI gas-lock
syringe of 2 mL capacity. It was first flushed with nitrogen gas about three times, after
which 0.2 mL of nitrogen gas was retained in it. This gas replaced the 0.2 mL of sample
drawn from the experiment bottles used for gas chromatography (GC) analysis. The
needles were changed after drawing each sample to prevent cross-contamination. The
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sample was injected into the GC using an injection needle which, along with the syringe,
was kept on a vacuum port after each use to remove residual gases.
Two Shimadzu 2014 gas chromatographs (GC) with flame ionization detector
(FID) and a 30 m by 0.53 mm GS-Q PLOT column were used to quantify methane, TCE,
and the daughter products on a mass basis, i.e., μmol/bottle. The GC had a total flow of 50
mL/minute and 92 kPa of pressure. Ultra-high purity helium was used as the carrier gas.
The column was initially held at a constant temperature of 40 ºC for 1.5 minutes, after
which it increased to 200 ºC at the rate of 40 ºC/minute. The injector port had a temperature
of 200ºC, whereas the detector had a temperature of 300 ºC. After four minutes of heating,
the elevated temperature was held constant for another two minutes before cooling down.
Thus, each GC cycle spanned 7.5 minutes.
To analyze the peaks and convert the area under them to mass, a standard curve
was first plotted for each compound. The headspace of four standard bottles with known
masses of TCE, cis-DCE, VC, ethene, and methane was sampled. The areas under the peaks
were noted, and with the corresponding masses, regression was used to obtain the equation
of the line of best fit for each compound.
The retention time increases in the following order:
Methane < Ethene < VC< cis-DCE < TCE
Dimensionless Henry's constant was used to distinctly measure the concentration
in the aqueous phase or the headspace. The total mass of compounds present in the bottle
was obtained from the chromatogram. As each compound partitioned into the aqueous and
headspace and was in equilibrium, the dimensionless Henry’s constant provided the ratio

28

of the concentration in the headspace to the concentration in the aqueous phase. From mass
balance, the concentration of product in the aqueous phase can be found by the following
equation.
C(W) = MT / (VA KAW + VW)

(4)

where, C(W) = concentration in aqueous phase (g/L)
MT = Total mass (g)
VA = Volume of headspace (L)
KAW = Dimensionless Henry’s constant or air-water partitioning coefficient.
VW = Aqueous volume (L)

In all the experiments, the headspace was sampled to obtain only the gaseous phase
concentration of TCE. But at equilibrium, TCE partitions into the aqueous phase, gaseous
phase, and solid phase (if present) and follows Henry’s law of partition. Here, only the
aqueous phase and gaseous phase are considered for the calculation. The air-water
partitioning coefficient of TCE is 0.428 (Schwarzenbach, et al., 2016). By applying mass
balance on the total amount of TCE in the bottle, the aqueous concentration is calculated
using equation 4. This value varies with the change in aqueous and headspace volume. As
20 µmol is maintained as a constant input to the bottles in all the experiments, 2.63 mg of
TCE is the total mass of TCE in the experiment bottles. The experiments that made use of
60 mL serum bottles had an aqueous volume of 10 mL and gaseous volume of 38 mL,
which resulted in 0.1 g/L of initial aqueous concentration of TCE. The experiments that
made use of 160 mL serum bottles had an aqueous volume of 100 mL resulting in 60 mL
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of gaseous volume. In these experiments, the initial aqueous concentration of TCE was
calculated to be 0.021 g/L.
2.8

FERROZINE ASSAY
Ferrozine assay was performed to quantify the amount of iron in the sediment used

for the experiments. The assay was crucial as electrons were used to reduce Fe(III) to
Fe(II). Fe(III) was measured by calculating the difference between initial Fe(II) and final
Fe(II) after reacting the iron extract with a strong reducing compound. The method is
described in Appendix B.
Ferrozine assay allows us to measure the iron in solid and/or aqueous samples. The
assay is specific for ferrous ions and does not directly quantify ferric ions. The standard
curve was prepared from known concentrations of Fe(II) using ferrous diammonium
sulfate. Ferrozine solution was used to impart the color for spectrophotometry. The
equation obtained from the “best fit method” is used for the calculations.
The sediment taken for the experiment weighed 0.9887 g. After allowing the
sediment to react with the hydrochloric acid for five to ten minutes, ferrozine solution is
added to the acid extract, which imbibes a stronger color to it based on the extent of ferrous
ion present in the solution. The initial absorbance gives the value pertaining to the ferrous
ion fraction present in the solution. As ferrous is stable in hydrochloric acid, it will not reoxidize when in the solution. The acid extract is then allowed to react with hydroxylamine
for about an hour. During this phase, all the ferric ions present in the sediment is reduced
to ferrous ion. Thus, the initial subtracted from the final ferrous ion concentration gives us
the ferric ion concentration present in the sediment.
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From the concentrations obtained, the initial and final mass of ferrous and ferric
ion per gram of sediment is calculated (Appendix C). From calculations, the amount of
ferric iron present per kg of the sediment from the aquifer material was 226.7 mg Fe(III).
This value is typical as the ferric iron in the soil usually ranges from 100 to 230 mg Fe(III)
/ kg sediment (Van Bodegom, et al., 2003). The mass of the ferric iron should be accounted
for when calculating the stoichiometric need for electron donors as it consumes electrons
to get reduced to Fe(II).
2.9

PREPARATION OF STANDARDS
The standard curves were plotted with four different masses of each compound in

increasing order. To prepare the standard bottles, four 160 mL serum bottles with 100 mL
of autoclaved DDI water were used. Methane, ethene, and VC comprised the gaseous input,
whereas TCE and cis-DCE were added as liquids.
The temperature and pressure of the room in which the gas is stored and transferred
are noted. It is good practice for the standards to have a range that covers the lowest to
highest concentrations of the compounds encountered. To calculate the volume of gas to
be transferred from the known value of mass, I used the ideal gas law.
PV=nRT

(5)

where, P = Pressure (mm Hg)
V = Volume of gas (mL)
n = Number of moles of gas (mol)
R = Universal gas law constant = 62.363 mm Hg L/mol K
T = Temperature in Kelvin (K)
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The masses of methane, ethene, and VC ranged from 1 to 21 (µmol/bottle). The
corresponding volumes of gases added to each bottle were 0.025, 0.1, 0.25, 0.5 mL. The
details are summarized in Table 10.
TCE and cis-DCE were first dissolved in methanol stock solution and then added
to the standard bottles gravimetrically. About 60 mL of methanol, 0.2 mL of TCE, and cisDCE were added to a serum bottle. The bottle was weighed after every addition, which was
then converted to volume using the following equation to verify the exact value of the
volume added.
Volume = Mass / Density

(6)

The mass ratios of TCE and cis-DCE to the total weight of the stock solution were
calculated. The volumes of stock solution added to the standard bottles were 10, 100, 200,
and 500 µL. The weight of the stock solution added was measured. The final moles of TCE
and cis-DCE added to the bottles were calculated by the following equations.
Mcis-DCE = (Ws_added * Rcis/tot * 106) / mol_wtcis

(7)

MTCE = (Ws_added * RTCE/tot * 106) / mol_wtTCE

(8)

where, Mcis-DCE = µmol/bottle of cis-DCE
MTCE = µmol/bottle of TCE
Ws_added = Weight of the stock solution added to the standard bottle (g)
Rcis/tot = mass ratio of cis-DCE in the stock to the total weight of the stock
solution.
RTCE/tot = mass ratio of TCE in the stock to the total weight of the stock
solution.
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mol_wtcis = molecular weight of cis-DCE = 96.95 g/mol
mol_wtTCE = molecular weight of TCE = 131.38 g/mol
All the bottles were stored at room temperature and upside down to prevent any leakage of
gases. The amount of each species (μmol/bottle) in the 4 standard bottles is summarized
in Table 10.

Table 10: Known masses (μmol/bottle) of species in the standards
Chemical
Bottle number
Species
1
2
3
4
Methane

1.05361

4.21445

10.5361

21.0723

Ethene

1.05361

4.21445

10.5361

21.0723

VC

1.05361

4.21445

10.5361

21.0723

cis-DCE

0.4659

4.7795

9.2024

22.9083

TCE

0.393

4.0318

7.7628

19.3244
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III. CHAPTER THREE - RESULTS

The experimental results were plotted in GraphPad Prism, a graphing software. The
plots are shown as over and under plots. The upper half depicts the mass (µmol/bottle) of
TCE on the left Y-axis and the daughter products, namely ethene, VC, and cis-DCE on the
right Y-axis. The lower half displays the trend of mass of methane (µmol/bottle) in the
bottles. As every experiment had the control and experimental sets prepared as triplicates,
the points and error bars in the graphs display the mean and standard deviation of the three
readings. The summary of experiments performed is given in the table below.
Experiment
Ex 1

Table 11: Summary of the experiments performed
Title
Preliminary experiment to observe the effect of different electron donors
on TCE degradation

Ex 2

The effect of different electron donors on TCE degradation in sediment
bottles

Ex 3

The rate of TCE degradation in medium bottle with stoichiometric
electron donor supply

Ex 4

The effect of using neat TCE vs. TCE saturated water

Ex 5

Repeated experiment performed to resolve the issue of the residual
electron donor concentration

Ex 6

Enrichment of the TCE degrading culture

Ex 7

The influence of all electron donors on methanogenesis

Ex 8

The influence of different palm oil concentrations on methanogenesis
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3.1

PRELIMINARY EXPERIMENT TO OBSERVE THE EFFECT OF
DIFFERENT ELECTRON DONORS ON TCE DEGRADATION
(EXPERIMENT 1)
Experiment 1 served as a screening experiment where the effect of various electron

donors on the reductive dechlorination of TCE along with methane production was
observed. The setup of the experiment is given in Table 3 of chapter 2. From this
preliminary study, we can infer that palm oil can act as an electron donor for TCE
degradation and, in some cases, better than EOS, which is a widely accepted electron donor
in the industry. The data from the experiment is shown in Appendix D. As the lower
concentration of palm oil and EOS did not produce effective results, it was excluded from
the next experimental setup. The COD added to each bottle, the theoretical maximum
methane expected, and the actual methane produced, is summarized in Table 12.

Table 12: COD input and max theoretical methane for experiment 1
EOS 100 EOS 1000 Acetate- PO 100
PO 500 PO 1000
COD input

mg/L

mg/L

Lactate

mg/L

mg/L

mg/L

2.85

28.53

160

2.87

14.35

28.71

643.8

4660

62.5

312.5

625

25

200

25

15

2.5

(mg COD)
Max methane expected 64.38
(μmol/bottle)
Max methane

10

produced (μmol/bottle)
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3.2

THE EFFECT OF DIFFERENT ELECTRON DONORS ON TCE
DEGRADATION IN SEDIMENT BOTTLES (EXPERIMENT 2)
Experiment 2 was set up similar to the previous experiment. As experiment 1 was

considered only a screening experiment, this experiment serves as a formal experiment to
observe the effect of different electron donors like EOS, acetate-lactate, and palm oil on
TCE degradation in environment that mimics the natural conditions. The setup of the
experiment is summarized in Table 4 of chapter 2. The controls and experimental triplicates
in this matrix include sterile, unamended, 1000 mg/L of EOS, 5.91 and 8.91 mg/L of acetate
and lactate mixture, respectively (100 mM each), and lastly, 500, 750, and 1000 mg/L of
palm oil. Weekly GC readings were taken for a span of 70 days.
The sterile bottles, as seen in Figure 5(A), showed no degradation of TCE and had
the same mass of TCE at the end of 70 days. The fluctuations in TCE readings could either
be due to the change in response of GC or due to the adsorption of TCE on the soil
sediments. As the soil had a native microbial consortium thriving in it, methanogens could
have been active on-site, thus, leading to some methane trapped in the sediments, which
could contribute to the methane detected in the sterile bottles as seen in Figure 5(C). The
unamended bottles had less than 10% removal of TCE, which can again be attributed to its
adsorption on soil sediments in the bottle. In Figure 5(B), cis-DCE is evident from day 20
to 50, which could be due to the utilization of the electron donors naturally present in the
soil.
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Figure 5: Mass per bottle of TCE and daughter products in: (A) Sterile; and (B)
Unamended; and methane formation in (C) Sterile; and (D) Unamended, for experiment 2
As 100 mg/L of EOS did not produce an efficient result, 1000 mg/L of EOS was
chosen for the experiment. Figure 6(A) shows there was still about 50% of TCE left in the
bottles at the end of the experimental period. The onset of conversion to cis-DCE occurred
at around 21 days and to VC at around 35 days. By the end of 70 days, there was a mixture
of about 37% TCE, 18% cis-DCE, and 45% ethene in the bottles. The trend was a result of
EOS having low aqueous solubility and acting as a slow fermenting substrate. It is
primarily soybean oil, which is a high molecular lipid containing long-chain fatty acids that
are degraded into short-chain fatty acids and hydrogen by the fermentative bacteria. The
fatty acids are further degraded to acetate by acetogenesis (Harkness & Fisher, 2013). As
soybean oil is operationally defined as linoleic acid, theoretically, it releases 100 moles of

37

electrons per mole (eeq). The hydrogen and electrons released in this process are utilized
by dechlorinators to reduce TCE. Thus, this is a time-consuming and slow process.
Figure 6(B) depicts the activity in bottles with about 5.91 mg/L acetate and 8.91
mg/L lactate. As both acetate and lactate are soluble substrates, degradation takes place at
a fast rate. Acetate is a non-fermentable organic, whereas lactate is a fermentable organic
that is known to degrade to propionate and acetate (Wen, 2015). In the process, acetate
releases 8 eeq, and lactate produces 12 eeq, which is consumed in the process of
dechlorination and methanogenesis. TCE was completely removed by day 21. TCE began
to convert to cis-DCE by day 7, to VC by day 21, and to ethene by day 35. By day 49, most
of VC is converted to ethene. As methanogenesis is a slow process, the production of
methane did not begin until day 40 as seen in Figure 6(D). There was an exponential
increase in methane production once TCE is completely reduced to ethene because all the
electrons from the electron donor were available for methanogenesis.
Palm oil bottles with 500 mg/L had about 60% residual TCE at the end of the
monitoring period. Figure 7(A) shows only about 3% conversion to cis-DCE and VC.
There was no conversion to ethene. In bottles with 750 mg/L of palm oil, conversion to
cis-DCE started on day 35 and to VC on day 49. By day 70, the onset of conversion to
ethene began. TCE was completely removed by the day 56. On the final day, there was a
mixture of about 70% cis-DCE, 20% VC, and 10% ethene, as seen in Figure 7(B). Thus, it
is mainly cis-DCE. The bottles with 1000 mg/L palm oil had activity similar to the bottles
with acetate and lactate as seen in Figure 8. TCE was completely removed by day 35, and
cis-DCE production began on day 7, VC on day 35, and ethene on day 49. Complete
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Figure 6: Mass per bottle of TCE and daughter products in: (A) EOS 1 g/L; and (B)
Acetate-lactate; and methane formation in (C) EOS 1 g/L; and (D) Acetate-lactate, for
experiment 2
conversion to ethene was confirmed by mass balance. As palm oil is operationally defined
as palmitic acid, it theoretically produces 92 eeq. Methane production occurred in all
bottles with palm oil as seen figure 7(C), 7(D), and 8(B); methane increased with an
increase in the concentration of the electron donor, a trend seen in experiment 1 too. But
the magnitude of methane production was lower than that produced by all other electron
donors. Thus, with palm oil, there is complete degradation of TCE in the observed time
frame with low production of methane.
The full potential of methane production was not reached in any bottle as all the
electron donors had not degraded by the end of the observed period. The maximum
methane calculation provides an upper bound of methane that can be potentially produced
from the electron donor if none was used for TCE reduction. In this experiment, the
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Figure 7: Mass per bottle of TCE and daughter products in: (A) PO 500 mg/L; and (B)
PO 750 mg/L; and methane formation in (C) PO 500 mg/L; and (D) PO 750 mg/L, for
experiment 2
stoichiometric need for the electron donor was not calculated, and excess electron donor
was added. Thus, after the complete reduction of TCE, all electrons are consumed in the
process of methanogenesis. Another reason why the result deviates from the theoretical
values was because of the operational definition of the donors. For instance, EOS has
soybean oil, sodium lactate, and preservatives, but it was modeled as 100% linoleic acid.
The COD added to each bottle, the theoretical maximum methane expected, and the actual
methane produced, is summarized in Table 13.
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Figure 8: Mass per bottle of TCE and daughter products in: (A) PO 1 g/L; and methane
formation in (B) PO 1 g/L; for experiment 2
Table 13: COD input and max theoretical methane for experiment 2
EOS 1000 Acetate- PO 500 PO 750 PO 1000
mg/L

Lactate

mg/L

mg/L

mg/L

COD input (mg COD)

28.53

160

14.35

21.52

28.71

Max methane expected

643.8

4660

312.5

468.8

625

4

150

1.2

2.5

6.5

(μmol/bottle)
Max methane produced
(μmol/bottle)
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3.3

THE RATE OF TCE DEGRADATION IN MEDIUM BOTTLE WITH
STOICHIOMETRIC ELECTRON DONOR SUPPLY (EXPERIMENT 3)
Experiment 3 was performed in a more controlled environment when compared to

experiment 1 and 2. It was setup to investigate the effect of adding stoichiometric need and
excess electron donor. It was performed in medium bottles as opposed to having aquifer
material as the constituents of the medium bottle are known which helps in the calculation
of the stoichiometric need of electron donors. A TCE degrading culture and the medium
recipe for it was obtained from Dr. Freedman’s group. The medium recipe is elaborated in
the Appendix B. In the previous experiments, there was no accounting of the electron
donors and acceptors already present in the soil. Thus, the electron consumption and
balance were hard to establish. The treatments for experiment 3 had just the media and the
TCE degrading culture added with the calculated amount of electron donors and acceptors.
The setup of the experiment is summarized in Table 5 of chapter 2.
The bacteria were initially cultured in three media bottles with 10 mM of lactate as
the electron donor. Once the growth of bacteria was confirmed by complete degradation of
TCE, it was propagated to the new experiment bottles as per the required volume. There
were no electron acceptors present in the media. Thus, all the electron need arose from the
20 µmol of TCE added to the bottles. The stoichiometric need of electron donors was
calculated. EOS and palm oil had 1X and 10X times the stoichiometric need added,
whereas the acetate-lactate bottle received the stoichiometric equivalent of both acetate and
lactate, thus, providing about two times the actual stoichiometric need of electrons. The
sterile and unamended bottles did not receive any electron donors. As the bacteria grew

42

solely on media, the activity was much faster. Thus, initially, the GC readings were taken
every three days until the 64th day, after which weekly readings were taken until the 99th
day. The pH of the samples was monitored every nine days until the 36th day (five
readings).
Figure 9(A) suggests that there was no degradation of TCE in the sterile treatment,
and the mass was mostly conserved. The fluctuations observed, as discussed before, might
be due to the technical issues with the GC. The unamended bottles showed activity similar
to the bottles with an electron donor. There was a complete reduction to ethene by the 65th
day, as seen in Figure 9(B). As the inoculum was cultured in 10 mM lactate, there might
have been residual electron donor. Another experiment was devised to negate the effect of
the residual electron donor concentration, the results of which are explained section 3.10.
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Figure 9: Mass per bottle of TCE and daughter products in: (A) Sterile; and (B)
Unamended; and methane formation in (C) Sterile; and (D) Unamended, for experiment 3
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The EOS bottles had a mix of ethene and VC at the end of the monitored period as
seen in Figures 10 (A) and (B). TCE went to nil only by day 25 in the bottles with 3.4 mg/L
EOS concentration, whereas it was nil by day 6 in the bottles with 34 mg/L EOS. The
conversion to cis-DCE and VC followed a similar time trend in both concentrations. On
the final day, there was a mixture of 25% VC and 75% ethene in bottles with 3.4 mg/L,
whereas the bottles with 34 mg/L EOS contained 40% VC and 60% ethene.
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Figure 10: Mass per bottle of TCE and daughter products in: (A) EOS 3.4 mg/L; and (B)
EOS 34 mg/L; and methane formation in (C) EOS 3.4 mg/L; and (D) EOS 34 mg/L, for
experiment 3

The activity in the bottle with acetate and lactate was high as seen in Figure 11.
TCE went to nil with the rise in cis-DCE and VC by day 3. There was complete conversion
to ethene by day 78 with the conservation of mass, which was expected.
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Figure 11: Mass/bottle of TCE and daughter products in (A) Acetate-lactate; and methane
formation in (B) Acetate-lactate in experiment 3
Both the palm oil concentrations converted TCE to ethene in the monitored
timeframe (100 days) as seen in Figures 12 (A) and (B). The activity was similar to the
bottles with the acetate-lactate mixture. There was no TCE observed by day 3. The
conversion from cis-DCE to VC was complete by the day 45 and from VC to ethene by
day 80.
A negligible amount of methane was produced (Figures 9-12 (C) and (D)). When a
low amount of electron donor is added, there is a low partial pressure of hydrogen, which
provides a competitive advantage to the dechlorinators over methanogens, and thus, all the
electrons are used for the process of TCE reduction. Another reason that could have
contributed to the low methane production was that the culture obtained had a lower
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Figure 12: Mass per bottle of TCE and daughter products in: (A) PO 3.4 mg/L; and (B)
PO 34 mg/L; and methane formation in (C) PO 3.4 mg/L; and (D) PO 34 mg/L, for
experiment 3

number of methanogens, and the medium was tailored for the growth of TCE degraders.
Even in such conditions, the bottles with 34 mg/L EOS made it favorable for methanogens
to grow and produced the maximum amount of methane compared to the other bottles. The
electrons in the EOS bottle were not utilized solely for the reduction of TCE but was split
with methanogenesis. In all the other bottles, a negligible amount of methane was
produced.
The pH in all the bottles remained in the range of 7.1 to 7.5, with minimal variations
from this range as seen in Figure 13. An optimum pH of 7 was needed for efficient
performance of the culture. Thus, there was no influence of pH on the change in
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degradation rates. A general trend observed for all bottles was that there was similar
activity in both the bottles with stoichiometric electron donor input and bottles with ten
times the stoichiometric electron donor input. Thus, adding excessive electron donors does
not increase the degradation rate of TCE but was directed towards methanogenesis (Wei &
Finneran, 2013). Even when the testing condition was changed from sediment and water
to medium, palm oil proved to be a good electron donor, which not only resulted in the
degradation of TCE to ethene in a short duration but also produced a negligible amount of
methane.
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Figure 13: pH values
As electron donor was added only according to the stoichiometric need,
theoretically, TCE should have been completely degraded with no methane production. In
reality, as electrons are released from the oxidization of electron donors, dechlorinators and
methanogens utilize the electrons. But they compete with each other, and a low partial
pressure of hydrogen is advantageous to the dechlorinators. Thus, a low amount of methane
was produced with an almost complete reduction of TCE in all the amended bottles. But,
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in EOS bottles, there was a deviation from the assumed flow of the process. The electrons
were utilized by both methanogens and dechlorinators at the same time. The COD added
to each bottle, the theoretical maximum methane expected, and the actual methane
produced, is summarized in Table 14.

Table 14: COD input and max theoretical methane for experiment 3
EOS 3.4 EOS 34 Acetate- PO 3.4 PO 34
mg/L

mg/L

Lactate

mg/L

mg/L

COD input (mg COD)

0.96

9.6

1.92

0.96

9.6

Max methane expected

21.9

218.8

56.25

21.25

212.5

1

2.5

0.5

0.25

0.25

(μmol/bottle)
Max methane produced
(μmol/bottle)

3.4

THE EFFECT OF USING NEAT TCE VS. TCE SATURATED WATER
(EXPERIMENT 4)
Experiment 4 was performed to compare the influence of adding neat TCE versus

TCE saturated water. As the previous experiments made use of neat TCE, this experiment
was designed out of concern about the reproducibility of using neat TCE as the later
experiments made use of TCE saturated water. The setup of the experiment is summarized
in Table 6 of chapter 2. As seen in Figure 14, all bottles had complete TCE reduction to
ethene, with every step of the reduction occurring around the same timeline with the
exception of the faster conversion of VC to ethene in the bottles with neat TCE. The mass
of TCE at the start of the experiment was close to the mass of ethene at the end of the
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experiment in both treatments. The addition was more accurate when TCE saturated water
was used as opposed to using neat TCE as I dealt with higher volume in the former case.
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Figure 14: Mass per bottle of TCE and daughter products in: (A) Neat TCE; and (B) TCE
saturated water; and methane formation in (C) Neat TCE; and (D) TCE saturated water,
for experiment 4
Methane production was much higher in the bottles with neat TCE as seen in Figure
14(C) and (D). Its direct connection to TCE addition remains uncertain. As the conversion
to ethene was much faster in the bottles with neat TCE, I presume that the electrons became
available for methanogenesis, which could have contributed to the higher methane
observed in them.
There are many advantages of using TCE saturated water over neat TCE. The ease
of being able to deliver small amounts of TCE in large volumes. In all the experiments, 20
µmol of TCE was added to the bottles. When neat TCE was used, it translated to 1.8 µL.
Measuring such small quantities made room for errors. On the contrary, when TCE

49

saturated water was used, the same amount of TCE translated to 2.63 mL, which can be
added with more precision. TCE saturated water equilibrated much quicker than neat TCE
because neat TCE must first dissolve in the aqueous phase and then equilibrate between
the aqueous and gaseous (headspace) phases. Whereas TCE saturated water already has
TCE dissolved in it. Thus, it can equilibrate in about an hour on a shaker table at 100 rpm.
Neat TCE is hazardous if it comes in contact with skin or inhaled. TCE saturated water is
less hazardous when compared to neat TCE in a spill. Although there was no difference in
degradation rates, it proved to be advantageous in other aspects. Thus, TCE saturated water
was used for all experiments after these results.

3.5

REPEATED EXPERIMENT PERFORMED TO RESOLVE THE ISSUE OF
THE

RESIDUAL

ELECTRON

DONOR

CONCENTRATION

(EXPERIMENT 5)
Experiment 5 was performed as a repeated exercise as experiment 3, with different
electron donors in the medium bottle, resulted in complete degradation of TCE even in the
unamended bottles. As the bacteria were initially cultured in 10mM lactate and then
transferred to the experiment bottles, likely the inoculum had residual electron donor,
which might have resulted in the activity observed in the unamended bottles. The intent of
this experiment was to dilute the culture inoculum to obtain negligible effect from the
residual electron donor concentration. Doing which, the effect of stoichiometric and excess
electron donor added can be observed.
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Calculations in Appendix D indicate the residual electron donor in experiment 3
could be ten times higher than the amendment itself. It gets diluted in experiment 5. Thus,
from the calculations, this concentration of 0.89 mg/L, should have almost no impact from
the residual lactate. Experiment 5 had the same setup as the Experiment 3 as shown in table
7. But this time, the inoculum was extracted from the best performing bottle of each
triplicate in experiment 3. The experiment was halted midway as the activity in unamended
bottles was similar to the bottles with an electron donor. TCE had been completely
degraded to cis-DCE and VC, as seen in Figure 15 (B). Thus, there existed a factor apart
from residual lactate that was contributing electrons to the reduction process. Yeast is
known to be a slow but important supplemental nutrition and electron donor (Fennell &
Gossett, 1997). As yeast was added when preparing the medium, the activity in the
unamended bottles likely was due to the electrons released by it.
Apart from the contribution of yeast towards degradation, the trend of TCE
degradation with different electron donors was similar to the previous experiments as seen
in Figures 16-18. In the observed timeframe, the bottles with acetate-lactate and palm oil
moved past the conversion of TCE to cis-DCE and started the production of VC, whereas
the treatment with EOS was mostly all cis-DCE.
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Figure 15: Mass per bottle of TCE and daughter products in: (A) Sterile; and (B)
Unamended; and methane formation in (C) Sterile; and (D) Unamended, for experiment 5

52

EOS 3.4 mg/L

20
10

10

0

C

1.5
1.0

VC
40

B

30

30

20

20

10

10

0

Methane
(μmol/bottle)

0

TCE
(μmol/bottle)

20

40

1.0

cis-DCE

Ethene, cis-DCE, VC
(μmol/bottle)

A

30

2.0

Methane
(μmol/bottle)

30

Ethene, cis-DCE, VC
(μmol/bottle)

TCE
(μmol/bottle)

40

Ethene

EOS 34 mg/L

TCE

0

D

0.5

0.5
0.0
0

10

20

30

0.0
0

40

10

20

30

40

Days

Days

Figure 16: Mass per bottle of TCE and daughter products in: (A) EOS 3.4 mg/L; and (B)
EOS 34 mg/L; and methane formation in (C) EOS 3.4 mg/L; and (D) EOS 34 mg/L, for
experiment 5
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Figure 17: Mass/bottle of TCE and daughter products in (A) Acetate-lactate; and methane
formation in (B) Acetate-lactate in experiment 5
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Figure 18: Mass per bottle of TCE and daughter products in: (A) PO 3.4 mg/L; and (B)
PO 34 mg/L; and methane formation in (C) PO 3.4 mg/L; and (D) PO 34 mg/L, for
experiment 5
All bottles produced minimal methane as the duration of the experiment was short
and due to the probable lesser number of methanogens (Figure 15-18 (C) and (D)). The
addition of ten times the stoichiometric need of electron donor did not produce any result
different from the bottles with stoichiometric electron donor concentration. Thus, there was
no inference drawn from the methane produced in these bottles.
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TCE

3.6

ENRICHMENT OF THE TCE DEGRADING CULTURE (EXPERIMENT 6)
In this exercise, the objective was to enrich the microbes of our interest by

providing the necessary conditions suitable for their growth. Here, to keep the
dechlorinators alive, we spike it with TCE and monitor its degradation, which is a reflection
of the substrate consumption by the bacteria. Having enrichment cultures is important
because, through this process, the active bacteria is always in stock, which can be used as
an inoculum for various experiments. This also helps in the concentration of the bacteria
of interest and to get rid of the other microbial species.
The inoculum for the enrichment bottles was a mix of sediment used for experiment
1 and 2 and the TCE degrading culture used in the medium bottle experiments. This gave
an opportunity to harvest the most active microbial sources in hand. The setup of the
experiment is summarized in Table 7 of chapter 2.
The bottles were monitored until all the TCE was converted to ethene, which
required about 40 days. Thus, using freshwater medium increased the process of
degradation. Figures 19 and 20 show the sequential reduction of TCE and conservation of
mass. As the TCE degrading culture was derived from experiment 3 bottles, there was
dissolved methane and highly active methanogens. The evidence can be seen from the high
production of methane soon after the completion of TCE conversion to ethene (Figure
19(C), 19 (D), and 20(B)).
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Figure 19: Mass per bottle of TCE and daughter products in: (A) Bottle 1; and (B) Bottle
2; and methane formation in (C) Bottle 1; and (D) Bottle 2, for experiment 6
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Figure 20: Mass per bottle of TCE and daughter products in: (A) Bottle 3; and methane
formation in (B) Bottle 3, for experiment 6
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3.7

THE

INFLUENCE

OF

ALL

ELECTRON

DONORS

ON

METHANOGENESIS (EXPERIMENT 7)
The purpose of experiment 7 was to study the influence of different electron donors
on methanogenesis. The setup of the experiment is summarized in Table 8 of chapter 2.
The electrons generated by these donors have two pathways, reduction of TCE or
generation of methane. The intent behind the experiment was to determine the extent of
methane produced by equal amounts of each electron donor in the absence of TCE. For
better comparison, the medium, culture, and the amount of electron donors were kept the
same. As seen from the previous experiments, the TCE degrading culture obtained from
Dr. Freedman’s group had fewer methanogens. Thus, there was an almost negligible
amount of methane produced, except for the bottles with 34 mg/L of EOS, which produced
up to 15 µmol/bottle of methane as seen in Figure 21. The trend was observed in the
previous experiments where addition of EOS produced a larger amount of methane when
compared to the other treatments. Thus, the electrons released from EOS have a preference
for methanogenesis. No other inferences could be drawn from this experiment.
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Figure 21: Mass per bottle of methane with different electron donors for experiment 7
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3.8

THE INFLUENCE OF DIFFERENT PALM OIL CONCENTRATIONS ON
METHANOGENESIS (EXPERIMENT 8)
The goal of Experiment 8 was to observe the influence of varying concentrations

of palm oil on methanogenesis. The previous methanogenesis experiment produced a
negligible amount of methane due to low number of methanogens. To boost the process,
fresh digester sludge rich in methanogens was used as an inoculum in this experiment. The
freshwater medium was used to supply nutrients for the growth of bacteria. The setup of
the experiment is summarized in Table 9 of chapter 2.
The control bottles consisted of a triplicate of unamended bottles with just
freshwater medium and culture. The concentrations of palm oil used in the experiment were
3.4 mg/L, 34 mg/L (10x), 170 mg/L (50x), and 340 mg/L (100x). The starting point of 3.4
mg/L, which was the stoichiometric need, was kept the same as the concentrations in the
previous experiments for better comparison. Figure 22 shows that methane increased with
an increase in the palm oil concentration but plateaued after 21 days. The mass of methane
was similar to the theoretical maximum expected value with some error percentage. As 1
kg of palmitic acid produces 1 kg of methane theoretically, the maximum methane
expected is shown in Table 15.
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Figure 22: Mass per bottle of methane in bottles with varying concentrations of palm oil
for experiment 8
Table 15: Theoretical maximum methane expected for experiment 8
Palm oil (mg/L)
Max methane (μmol)
3.4

21.25

34

212.5

170

1062.5

340

2125
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IV.

4.1

CHAPTER FOUR - DISCUSSION

METHANOGENESIS INHIBITION
Methane is generated from the anaerobic fermentation of electron donors. The

complex organic compounds are broken down into simpler forms such as organic acids,
alcohols, hydrogen, and carbon dioxide by primary and secondary fermentative bacteria,
respectively (Grady Jr et al., 2011). Aceticlastic methanogens utilize acetic acid to produce
methane (Yu et al., 2006), whereas hydrogenotrophic methanogens utilize hydrogen as an
electron acceptor to produce methane (Demirel and Scherer, 2008).
When oils like EOS and palm oil are used as electron donors, they are initially
hydrolyzed to long-chain fatty acids (LCFAs) by organisms like Clostridium, Enterobacter
(Ferreira and Gouveia, 2020). The LCFAs, although degradable to short-chain fatty acids,
tend to inhibit methanogenesis (Hanaki et al., 1981). There is an observed lag phase before
methane is produced from acetate and an accumulation of the LCFA (Koster and Cramer,
1987). This inhibition is seen as a problem when the objective is to maximize methane
production during processes such as anaerobic digestion of waste sludge. But during in situ
remediation, methane is released into the environment, which contributes to greenhouse
gases. Thus, the objective for remediation is to minimize methane production.
Multiple studies have shown that during the degradation of unsaturated fatty acids
such as linoleic acid, an 18 carbon acid with two double bonds (C18:2) and oleic acid
(C18:1), one of the major byproducts, palmitic acid (C16:0), accumulates in the reactor
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inhibiting further degradation to acetate and hydrogen and thus, starving the methanogens
(Deaver et al., 2021, 2020; Lalman and Bagley, 2001, 2000).
Experiments 1 and 2 best mimicked the in situ conditions as it contained aquifer
material and water with no external addition of nutrients. There was a comparable amount
of methane produced in the EOS and palm oil bottles (Figures 6(B), 7(B), 10(A), and 12)
which was in the range of 10 to 20 μmol/bottle. The bottles amended with acetate-lactate
mixture produced larger amounts of methane with up to 200 μmol/bottle (Figures 7(A) and
10(B)). As acetate and lactate are readily degradable substrates, once the lactate is degraded
into propionate and acetate, the methanogens feed on acetate to form methane, thus,
exponentially increasing its production. On the other hand, linoleic acid, a major
component of EOS, is known to anaerobically degrade to form unsaturated and saturated
byproducts (Lalman and Bagley, 2000). The unsaturated byproducts are oleic (C18:1) and
palmitoleic acid (C16:1), whereas the saturated byproducts are palmitic (C16:0) and
myristic acid (C14:0)(Lalman and Bagley, 2001). As palmitic acid inhibits its further
degradation, palmitic acid, the major component of palm oil, stunts methane production.
The maximum theoretical methane that can be produced in the bottle with 1g/L EOS is
approximately 645 μmol/bottle. In my experiments, the treatments with palm oil followed
a similar trend. The maximum theoretical methane production potential of 1g/L of palmitic
acid is 625 μmol/bottle. As the substrate is already at the stage of palmitic acid, it undergoes
no further degradation and accumulates to inhibit methanogenesis. The full potential of
methane produced in either the EOS or palm oil bottles was not reached due to many
reasons. It is primarily due to the inhibition of methanogenesis. A portion of the electrons
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was utilized in the reduction of the chlorinated compounds. Some of it was utilized in the
metabolism and growth of cells. Thus, in natural conditions, both EOS and palm oil will
contribute less methane to the environment as opposed to when using acetate-lactate as an
amendment.
In experiments 3, 5, and 6, the bottles contained only the medium tailored for
enhancing the growth of TCE degrading culture. In the observed period, there was almost
no methane production. Thus, it was assumed that only a negligible number of
methanogens were present in it. As a result, no quantitative inferences can be drawn from
the methane produced in these experiments. However, even in conditions that make it
unfavorable for methanogenesis, the bottles with EOS always produced methane. The
generation was approximately five-fold higher than other bottles in experiments 3 and 5
and about 15-fold higher in experiment 6. The higher production of methane in the EOS
bottles could have been a result of different substances present in the EOS mixture apart
from soybean oil. EOS includes sodium lactate which might also contribute to
methanogenesis. The production of methane in the EOS bottles is not considered
accidental, as the bottle with palm oil picks up on methane production too, but to a much
lower extent. There was approximately 1 μmol/bottle of methane produced in the palm oil
bottles as opposed to 15 μmol/bottle of methane in the bottle with ten times the actual
stoichiometric need of EOS. The electrons released in the conversion of linoleic acid to
palmitic acid must have also contributed to the methane produced as further degradation
of palmitic acid was inhibited. Thus, the difference in the methane produced between the
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two is observed. In all instances, palmitic acid proved to be an efficient electron donor for
TCE degradation with fewer electrons diverted towards methanogenesis.
All fatty acids undergo β-oxidation during their fermentation. In this pathway, the
long-chain-acyl-CoA is transformed to acetyl-CoA(Natasha Fillmore, 2021). The initial
degradation steps of linoleic acid are independent of β-oxidation (Deaver et al., 2020). The
mechanism behind the methane inhibition by palmitic acid is that β-oxidation occurs at a
slower pace when compared to lipid conversion to glycerol and fatty acids (Pavlostathis
and Giraldo-Gomez, 1991). The specific reason behind the accumulation of just palmitic
acid is unknown. Thus, when palmitic acid ceases to convert to acetic acid, both aceticlastic
methanogens and hydrogenotrophic methanogens are starved, and thus, methanogenesis is
inhibited.
4.2

TECHNO-ECONOMIC ANALYSIS
A techno-economic analysis is based on the second experiment that observed the

influence of using different electron donors on TCE degradation in sediment bottles, as that
experiment most accurately depicts the conditions in the site where the stoichiometric need
of electron donor is not calculated, but excess electron donor is added. The experiment also
best mimicked in situ conditions, including oxic versus anoxic atmospheres, no pH
buffering, no additional trace/micronutrients to stimulate microbial activity other than the
presence and absence of added electron donors and/or electron acceptors.
EOS 1g/L: At the end of the observed period of 70 days, there is a mixture of cisDCE, TCE, ethene and methane as seen in the figure below. From the calculations shown
in Appendix D total linoleic acid used is 0.07554 mg which corresponds to 0.76%
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utilization rate with only 50% conversion of TCE. In the amount of linoleic acid utilized,
41% was directed towards methanogenesis, and 59% was directed towards TCE reduction.
Thus, based on the experimental data, if maximum methane produced is 41% of the utilized
linoleic acid and the utilization percentage is 0.76%, then if there is 100% utilization, the
rest of the TCE will be converted to ethene, and the remaining electrons will be utilized for
methanogenesis, assuming which, 10.16 mg of methane will be produced which translates
to 635 μmol per bottle. This is very close to the maximum methane expected, which was
644 μmol per bottle, given that none of the electrons were utilized for TCE reduction.
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The cost of EOS as a commercial product is around $3000 per ton (EOS
Remediation LLC.). Thus, based on the experimental data, 2.63 mg of TCE requires 0.151
mg of linoleic acid as only 50% of TCE was reduced. Thus, if we have to treat 15 ton of
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VC
cis-DCE
TCE

TCE (Harkness and Farnum, 2010) in a site, we require 0.865 ton of EOS which will cost
about $2600.
Acetate-Lactate: At the end of the observed period of 70 days, there is a mixture
of ethene, and methane as seen in the figure below. From the calculations shown in
Appendix D total acetate-lactate mixture used is 6.886 mg which corresponds to 4.65%
utilization rate with 100% conversion of TCE to ethene. In the process of acetate-lactate
utilization, methanogenesis started towards the end of VC to ethene conversion step. With
4.65% utilization, 150 μmol of methane was produced per bottle. As TCE is completely
reduced to ethene, the remaining electrons are channeled towards methanogenesis. Thus,
if 100% of the electron donor is utilized, 75.97 mg of methane will be produced, which
translates to 4736 μmol of methane per bottle. This is slightly higher than the predicted
maximum methane. The reason behind this could be an experimental error or due to the
rounding up of values.
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The cost of acetate and lactate are $ 7,400 and $ 15,000 per ton (Chemical Book,
2021). Thus, the cost assumed when both acetate and lactate are used is the average of both
which is about $10,000 per ton. As per the experimental data, all of 2.63 mg TCE was
converted to ethene with 0.19 mg of acetate-lactate and about 100 μmol of methane was
produced at the end of conversion bringing the total acetate-lactate consumption to 3.17
mg. Thus, to treat 15 ton of TCE, approximately 18.08 ton of acetate-lactate is needed
which costs about $180,000. The costs of the chemical available in bulk might be lesser
than the cost mentioned here. This value sets the upper limit for the cost of treatment.
Palm oil 1 g/L: At the end of the observed period of 70 days, there is a mixture of
ethene, and methane as seen in the figure below. From the calculations shown in Appendix
D total palmitic acid used is 0.1182 mg which corresponds to 1.18% utilization rate with
100% conversion of TCE to ethene. In the process of palmitic acid utilization,
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methanogenesis started from the very beginning of TCE reduction but was well below the
ranges of methane in other bottles. As TCE is completely converted to ethene, the
remaining portion of the electron donor is utilized towards methanogenesis. Thus, if there
is 100% utilization of electron donor, 9.9 mg of methane is produced, which translates to
619 μmol of methane per bottle. This is slightly less than the expected maximum methane
potential of 625 μmol per bottle, which is reasonable as some of the electrons were used
for the reduction of TCE.
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The cost of palm oil as a commodity is $1080 per ton (Insider, 2021). To treat 1.971
mg of TCE, 0.1182 mg of palm oil was used, which includes the electrons used for both
TCE reduction and methanogenesis. From the experimental data, approximately 0.9 ton of
palm oil is needed to treat 15 ton of TCE, which translates to $975. Thus, when costs are
compared, calculations demonstrate that palm oil is the most economic option among the
ones compared.
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V. CHAPTER FIVE – CONCLUSIONS AND RECOMMENDATIONS

5.1

CONCLUSIONS
The first objective was to determine if palm oil serves as an electron donor for the

reduction of TCE and to compare the performance with other common electron donors like
Acetate-lactate mixture and EOS. Palm oil is a slow fermenting oil substrate that provides
a steady source of electrons for a longer duration when compared to the rapidly fermenting
substrates like acetate and lactate. It is advantageous for in situ remediation as it avoids the
need for frequent injection of electron donors. A switch from conventional donors like
acetate, lactate, and methanol towards solid and oil substrates gained popularity due to the
same reason (Borden, 2007). In all the experiments performed, the bottles with acetatelactate mixture always completely dechlorinated TCE to ethene in a short time frame (60
to 75 days) as the substrate is soluble and ferments quickly. EOS, on the other hand, did
not fully covert TCE to ethene in the observed time frame (70 to 100 days) due to slower
fermentation. There was a mixture of ethene, VC, and cis-DCE in the EOS treatment bottles
at the end of the observed timeframe. It is important to ensure complete dechlorination as
intermediate products like cis-DCE and VC are more harmful to humans than TCE itself.
Palm oil had the best characteristics from both ends of the spectrum. It completely degraded
TCE to ethene in a timeframe (60 to 75 days) comparable to the acetate-lactate treatment,
and since it ferments slowly, it provides a steady source of electrons and hydrogen for
longer durations than the mixture of acetate and lactate.
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The second objective of my work was to investigate the effect of adding exactly the
stoichiometric need of electron donor and excess electron donor on the TCE degradation
rate. Experiment 3 showed that adding more electron donor will not increase the rate and
extent of reductive dechlorination of TCE, which is in agreement with the literature
(Haluska and Finneran, 2021; Wei and Finneran, 2013). The extra electrons were directed
towards methanogenesis. When the goal is to maximise TCE degradation, electrons
directed towards methanogenesis is considered wasted electrons as the methane generated
on the field is not trapped and utilized.
The last objective of the study was to evaluate the methane generated by each
electron donors in the experiments. This research demonstrates that the type of electron
donors used in bioremediation plays a major role in the generation of methane, which is a
greenhouse gas. From the experiments performed, the treatments with acetate-lactate
mixture produced maximum methane as there was a large number of electrons released in
a shorter duration than the other donors tested which channeled them towards
methanogenesis. The EOS treatments produced much less methane when compared to the
acetate-lactate bottles, which is due to the slow fermentation of EOS and LCFA
accumulation. Although, when solely TCE degrading culture was used in the bottles, there
was low methane production in all the bottles except the ones with EOS. Thus, the bottles
with TCE degrading culture and its medium was considered inhabitable for
methanogenesis. A possible assumption is the scarce presence of methanogens. For reasons
unknown, EOS always enhanced the production of methane even in conditions that did not
make it habitable for methanogenesis. An inference drawn from experiment 3 is that the
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addition of stoichiometric requirement of is sufficient for effective degradation. Providing
just enough electrons for the reduction of TCE will maintain a low partial pressure of
hydrogen, which gives the dechlorinators a competitive advantage over the methanogens.
Thus, from the above drawn conclusions, the hypothesis is demonstrated to be true.
Palm oil acts as an effective electron donor for the reductive dechlorination of TCE with
minimal methane generation and economical when compared to the other electron donors
used in the industry.
5.2

RECOMMENDATIONS
My study demonstrates that palm oil serves as an effective electron donor for the

reduction of TCE in a short timeframe with less methane production than other commonly
used donors. The study can be expanded to better understand the mechanism behind
methane inhibition and use it to minimize production. In addition, the hydrogen yield can
be monitored to get an estimate of the actual number of electrons available for the reductive
dechlorination of TCE. As palm oil is an oily substrate, issues with pore blockage and a
decrease in permeability might arise. Thus, there is a need to find effective ways of
amending palm oil to the contaminated site without affecting its geotechnical properties.
Experiments focused on palm oil’s efficiency in different reducing conditions such as iron,
sulfate, and nitrate environments should be conducted. This exercise is important as soils
contain many ions that can be reduced, and thus, there are multiple competitors for the
available electrons. Proving that palm oil is efficient in all these reducing environments
will establish that palm oil is an overall efficient electron donor.
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APPENDIX A

Medium Recipes
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1) TCE degrading culture medium recipe
Reagents and stock solutions needed for 1L neutral pH ~7 medium:
- Phosphate buffer
In a 100 mL volumetric flask add 5.25 g K2HPO4. Fill to 100 mL with DDI water.
- Salt solution
In a 100 mL volumetric flask add:
5.35 g NH4Cl
0.46976 g CaCl2·2H2O
0.17787 g FeCl2·H2O
Fill to 100 mL with DDI water.
- Trace metals solution
In a 100 mL volumetric flask add:
0.03 g H3BO3
0.0211 g ZnSO4·7H2O
0.075 g NiCl2·6H2O
0.1 g MnCl2·4H2O
0.01 g CuCl2·2H2O
0.15 g CoCl2·6H2O
0.002 g Na2SeO3
0.01 g Al2(SO4)3·16H2O
1 mL concentrated HCl.
Fill to 100 mL with DDI water.
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- Magnesium sulfate solution
In a 100 mL volumetric flask add 6.25 g MgSO4·7H2O. Fill to 100 mL with DDI
water.
- Bicarbonate solution
In a 200 mL volumetric flask add 3.2 g NaHCO3. Fill to 200 mL with DDI water.
- Yeast extract solution
In a 100 mL volumetric flask add 0.5 g yeast extract. Fill to 100 mL with DDI
water.
- Ferrous sulfide (these are two separate solutions, 100mL each, anoxic)
1mM of each final target concentration in growth bottles:
•

Add 100mL of DI water to two bottles (Each gets 100mL)

•

Sparge with N2 gas for 30 minutes

•

Stop sparging

•

To one bottle add: 14.4g FeCl2

•

To one bottle add: 24.02g Na2S

•

Cap and crimp, flush headspace with N2 using needle in needle out, and then
when 6 minutes passes immediately start shaking by hand

•

Shake into solution (you may need to let it rest at times)

•

Sulfide produces rotten egg odor. Weigh it in the hood
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Medium Preparation
1. Use a 1000mL (1L) graduated cylinder filled with water to mark a line at 1L on a
2 L beaker so you do not have to pour back and forth from beaker to cylinder; also
mark a line at 926mL

2. Add 950 mL (using a graduated cylinder) to the beaker, start stirring slowly on a
heat plate and heat it until it boils

3. Boil it for 20 minutes and keep it stirring (this degases it and makes it anoxic)

4. Stop boiling and let it cool to just above room temperature (warm to touch but
comfortable in hand); at this point you need to move quickly. First, if the water
boiled to less than 926mL (use the line), add a little DI water; if it is above the line
then use a pipette to bring it down to 926mL

5.

Add and dissolve in and let mix for 5 minutes:
a. 10 mL phosphate solution
b. 10 mL salt solution
c. 2 mL trace metals solution
d. 2 mL magnesium sulfate solution
e. 50 mL bicarbonate solution
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6. Dispense 90 mL of medium into 125 mL serum bottles (should still be warm)

7. Sparge with 80:20 N2: CO2 at high flow rate for 30 minutes per bottle; then, gas the
headspace for 6 minutes using the same mix by forcing a stopper around the canula

8. Once done – seal with the stopper all the way and crimp it with an aluminum crimp

9. Autoclave on dry cycle for 20 minutes; place all bottles in a metal pan with some
water at the bottom and allow to cool

10. Add: 0.1 mL filter sterilized yeast extract per bottle using sterile and anoxic
technique

11. Add: 0.1mL of ferrous solution and 0.1 ml of sulfide solution using sterile and
anoxic technique

12. Keep medium at 4 ºC until use

13. Final steps will be adding TCE, then electron donor, then microbial culture
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2) Fresh water medium recipe
/L
Milli Q Water

800 mL

NaHCO3

2.5 g

NH4Cl

0.25 g

NaH2PO4.H2O

0.6 g

KCl

0.1 g

Vitamin Mix

10 mL

Mineral Mix

10 mL

1 mM Na2SeO4

1 mL

1. After everything is added, bring the volume up to 1 L.
2. Dispense 95 mL into serum bottle and gas out with 80:20, N2: CO2, for 7 min, then
one min with stopper on to gas out the headspace.
3. Final pH is 6.8-7.0
4. Autoclave for 20 min.
5. Reductant: if needed, a stock of 0.1 M cysteine HCl pH 7.0 is used for a final
concentration of 1mM cysteine. Cysteine should be made anoxic under N2
atmosphere.
6. Add electron donor and electron acceptor.
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APPENDIX B

Laboratory procedure
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Ferrozine Assay
Materials:
•

Ferrozine solution at room temperature

•

0.5N HCl

•

6.25N hydroxylamine

•

Ferrous iron standards, pre-diluted to working concentrations

•

Distilled H2O

•

Scintillation vials or open top tubes for mixing

•

Pipettes 1.0mL and 10.0mL

•

Spectrophotometer

•

Spectrophotometer cuvettes

Method:
Preparing the standard curve:
1. Fe(II) standards are prepared in 0.5N HCl with ferrous ethylene diammonium
sulfate; the following concentration stocks are to be prepared: 1.0mM; 5.0mM;
10.0mM; 20.0mM; and 40.0mM. Preparations should be made in new or acid
washed glass serum bottles. The concentrated stock solutions can be kept for up to
six months at room temperature.
2. Each standard should be diluted 1:50 in 0.5N HCl for final concentrations of
0.02mM; 0.10mM; 0.20mM; 0.40mM; and 0.80mM. These standards can be kept
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and used for up to two weeks at room temperature. These diluted standards will be
used to prepare the standard curve. Standards should be diluted and stored in
Teflon-lined plastic scintillation vials or a similar container. They should always
be made as dilutions of the concentrated stock solutions, rather than directly from
the ferrous salt. This is to ensure that standards and samples are handled and
sampled in a similar manner with regard to the initial dilution (aliquot) into 0.5N
HCl.
3. Set the spectrophotometer wavelength to 562nm.
4. Ferrozine solution should be used at room temperature (remove from refrigerator
at least one hour prior to use).
5. Add 100l of stock solution to 4900l Ferrozine solution. After this step the assay
becomes time critical. The color change will become more intense in light at room
temperature over time. Absorbance should be measured within five minutes of
adding Fe(II) to the Ferrozine solution (whether it is a standard or a sample).
6. Add each standard to a 4.0ml cuvette and measure the absorbance of each standard
at 562nm and plot a standard curve. The blank is Ferrozine solution alone.
7. The slope of the standard curve should fall between 0.45 and 0.55, the r2 value
should be no less than 0.980.
8. Save the standard curve for sample analysis

Procedure to analyze total iron i.e., Fe(III) plus Fe(II) in the solid phase:
1. The standard curve is prepared as described above.
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2. Add 5.0ml of 0.5N HCl to a Teflon-lined scintillation vial or similar container.
3. Weigh the vial plus acid and record the mass.
4. Dispense approximately 1.0g of solid material into the pre-weighed acid vial.
Fe(II) is stable in the acid, therefore Fe(II) will not re-oxidize once in there.
5. Weigh the acid extract and record the wet weight of the sediment.
6. Sediment should be allowed to react with the acid for five to ten minutes prior to
analysis (no longer than ten minutes.)
7. Add 100l of acid extract to 4900l of Ferrozine solution.
8. Add to a spectrophotometer cuvette by gently tipping the solution in.
9. Measure the absorbance at 562nm. This is the Fe(II) fraction of the aquifer
material.
10. Add 200l of 6.25N hydroxylamine solution to the acid extract and mix gently.
11. Allow the acid extract to react with hydroxylamine for one hour.
12. After one hour measure the absorbance at 562nm as described in number 8 above.
This is the total HCl-extractable iron fraction of the aquifer material. The Fe(III)
fraction of the aquifer material is the final Fe(II) minus the initial Fe(II).
13. Quantify Fe(II) by the following equation:
[[Measured Fe(II) {mM} x 0.005 {l} x dilution factor]/sediment wet weight {g}] =
mmol Fe(II) per gram wet sediment
14. Use the equation for initial Fe(II) and final Fe(II) – as above the Fe(III) is the final
minus the initial Fe(II).
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Quantify the “percent reduced” or “% Fe(II)” associated with the sediment fraction by the
following equation:
Initial Fe(II) / Total HCl – extractable iron.

Procedure to analyze aqueous Fe(II):
1. Add 100l of unfiltered sample to 4900l of 0.5N HCl in a Teflon-lined
scintillation vial or similar container. Fe(II) is stable in 0.5NHCl; however the
analysis should proceed as quickly as possible. (This is a 1:50 dilution; if you
suspect or know that the Fe(II) value will be low you can alter this to a much lower
dilution such as 1:5 or 1:2, but remember to change the dilution factor in the
equation below)
2. Add 100l of the acidified samssple to 4900l of Ferrozine solution. If there is
Fe(II) in solution then there will be a visible color change that will be very light to
very dark purple, depending on the Fe(II) concentration.
3. Measure the samples versus the standard curve prepared earlier at 562 nm.
4. If the measured Fe(II) concentration exceeds the high standard (0.8mM), then the
sample (acidified water) should be diluted in 0.5N HCl to bring the measurement
within the standard curve. This dilution is very important because for the Ferrozine
solution absorbance levels-off quickly after the high standard, and measurements
can be easily underestimated.
5. Quantify the Fe(II) via the following equation:
Measured Fe(II) x 50 (from 1:50 dilution in acid) x dilution factor = mM Fe(II)
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Analytics
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A.1

FERROZINE ASSAY RESULTS
Ferrozine assay allows us to measure the iron in solid and/or aqueous samples. The

assay is specific for ferrous ions and does not directly quantify ferric ions.

Standard curve
The following data were obtained for the standard curve.

Concentration (in mM)
0.02
0.1
0.2
0.4
0.8

Absorbance (Au)
0.008
0.065
0.131
0.2403
0.474

0.5
0.45

y = 0.5898x + 0.0044
R² = 0.9989

Absorbance (Au)

0.4
0.35
0.3
0.25
0.2
0.15

0.1
0.05
0
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Concentration (mM)

Equation from the graph: Abs = 0.5898 (Conc) + 0.0044
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0.8

0.9

The equation obtained from the “best fit method” is used for the calculations. The sediment
taken for the experiment was weighed for further calculations.
❖ Mass
•

Weight of vial + 5mL 0.5N HCl = 18.1674 g

•

Weight of vial + 5mL 0.5N HCl + sediment = 19.1561 g
Thus:
Weight of sediment = 0.9887 g

❖ Spectroscopy (Absorbance):
•

Initial absorbance: 3.296

•

Final absorbance: 3.770

❖ Initial Fe(II) concentration:

3.296−0.0044
0.5898

= 5.581 𝑚𝑀

❖ Final Fe(II) concentration (after 1 hour):

❖ Initial Fe(II) mass:

0.5898

= 6.384 𝑚𝑀

𝐹𝑒(𝐼𝐼) [𝑚𝑀]∗0.005 (𝐿)∗ 𝐷𝐹
𝑆𝑒𝑑𝑖𝑚𝑒𝑛𝑡 𝑤𝑡 (𝑔)

=

❖ Final Fe(II) mass:

3.770−0.0044

5.581∗0.005∗1
0.9887

6.384∗0.005∗1
0.9887

= 0.02822 mmol Fe(II) / g wet sediment.

= 0.03228 mmol Fe(II) / g wet sediment.
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❖ Change % =

0.03228−0.02822
0.02822

∗ 100 = 14.38%

❖ Fe(III) mass = 0.03228 – 0.02822 = 4.06 µmol Fe(III) / g wet sediment
= 0.2267 mg Fe(III) / g wet sediment
Fe(III) mass = 226.7 mg Fe(III) / kg sediment

A.2

TCE STANDARDS PREPARATION

A.2.1

Liquid input (cis-DCE and TCE)

Density:
•

Methanol – 0.792 g/mL

•

cis-DCE – 1.284 g/mL

•

TCE – 1.46 g/mL

Preparation of methanol stock:
Weight (g)

Volume (mL)

Methanol

46.7968

59.0869

cis-DCE

0.2641

0.20569

TCE

0.3019

0.20678

Total

47.3628

59.4993

Mass ratios:
•

cis-DCE (g cis-DCE / g stock) = 0.2641 / 47.3628 = 0.00558

•

TCE (g TCE / g stock) = 0.3019 / 47.3628 = 0.006374
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Molecular weight:
•

cis-DCE = 96.95 g/mol

•

TCE = 131.38 g/mol

Example calculation of mass input per bottle – (Bottle 1):
•

cis-DCE: 0.0081 g * 0.00558 *106 / 96.95 g/mol = 0.4659 µmol cis-DCE / bottle

•

TCE: 0.0081 g * 0.006374 *106 / 131.38 g/mol = 0.3930 µmol TCE / bottle

Summary of liquid input to the standard bottles:
Bottle 1

Bottle 2

Bottle 3

Bottle 4

Volume of stock added (µL)

10

100

200

500

Weight of stock solution added (g)

0.0081

0.0831

0.1601

0.3983

cis-DCE (µmol / bottle)

0.4659

4.7795

9.2024

22.9083

TCE (µmol / bottle)

0.3930

4.0318

7.7628

19.3244
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A.2.2

Gas input (methane, ethene, and VC)

Physical conditions at the time of transfer:
•

Temperature – 21.8 ºC = 294.95 K

•

Pressure = 30.52-inch Hg = 1.020012 atm

Example calculation in bottle 1 using ideal gas law, PV = nRT,
R = 0.082057 L atm/mol K
n = (1.020012 atm * 0.025 mL)/ (0.082057 L atm/mol K* 294.95 K)
= 1.05361 µmol gas / bottle

Summary of gaseous input to the standard bottles

Bottle 1

Bottle 2

Bottle 3

Bottle 4

Volume of gases added (mL)

0.025

0.1

0.250

0.5

Methane (µmol / bottle)

1.05361

4.21445

10.5361

21.0723

Ethene (µmol / bottle)

1.05361

4.21445

10.5361

21.0723

VC (μmol / bottle)

1.05361

4.21445

10.5361

21.0723
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Therefore, all the chemical species and their masses (µmol / bottle) are summarized in the
table below.
Chemical
Species

A.3

Bottle number
1

2

3

4

Methane

1.05361

4.21445

10.5361

21.0723

Ethene

1.05361

4.21445

10.5361

21.0723

VC

1.05361

4.21445

10.5361

21.0723

cis-DCE

0.4659

4.7795

9.2024

22.9083

TCE

0.393

4.0318

7.7628

19.3244

INITIAL AQUEOUS CONCENTRATION OF TCE
•

KAW of TCE = Air - Water Partitioning coefficient of TCE = 0.428171

•

KAW = C(A) / C(W)

•

From mass balance, MT = M(A) + M(W)
MT = VA C(A) + VW C(W)
C(W) = MT / (VA KAW + VW)
Where, C(A) = gaseous phase concentration of TCE
C(W) = aqueous phase concentration of TCE
MT = Total mass of TCE
M(A) = Mass of TCE in gaseous phase
M(W) = Mass of TCE in aqueous phase
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VA = Volume of gaseous phase
VW = Volume of aqueous phase
•

MT = Total mass of TCE
= 20 µmol
= 20 * 10-6 mol * 131.38 g/mol
= 2.6276 mg

•

Experiment 1 & 2:
VA = Volume of air (Headspace) = 38 mL
VW = Aqueous volume = 10 mL
Hence, C(W) = Concentration of TCE in aqueous phase = 0.1 g/L

•

Experiment 3 & 5
VA = Volume of air (Headspace) = 60 mL
VW = Aqueous volume = 100 mL
Hence, C(W) = Concentration of TCE in aqueous phase = 0.021 g/L = 20.91 mg/L

A.4
A.4.1

ELECTRON DONORS AND ACCEPTORS
1 M lactate stock preparation
▪

Molar mass of sodium lactate is 112.06 g/mol

▪

Density :1.31 g/mL

▪

For preparation of 1M stock solution of 100 mL:
 1M * 100 * 10-3 L * 112.06 g/mol = 11.206 g in 100 mL water
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 Volume change:

11.206 𝑔
𝑔

1.31𝑚𝐿

 Purity correction 60%:
A.4.2

= 8.55 mL

4.277 ∗ 100
60

= 14.26 mL made up to 100 mL

1 M acetate stock preparation
▪

Molar mass of sodium acetate is 82.03 g/mol

▪

For preparation of 1M stock solution of 100 mL:
 1M * 100 * 10-3 L * 82.03 g/mol = 8.203 g in 100 mL water

A.4.3

Neat TCE
▪

Required concentration: 20 µmol/bottle

▪

Density= 1460 g/L
𝑔

▪

A.4.4

Volume of TCE required =

20𝐸−6 𝑚𝑜𝑙∗131.8 𝑚𝑜𝑙
1460

𝑔
𝐿

= 1.8 µL of neat TCE

TCE saturated water
▪

Solubility limit = 1000 mg/L

▪

Required concentration: 20 µmol/bottle

▪

Therefore,
Mass required = 20 * 10-6 mol * 131.38 g/mol = 2.63 * 10-3 g = 2.63 mg

▪

From the solubility limit, 2.63 mg corresponds to 2.63 mL of TCE
saturated water.
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A.5
A.5.1

ELECTRON DONOR AND ACCEPTOR CALCULATIONS
Number of electrons liberated and COD calculations
The chemical oxygen demand (COD) per gram of compound is calculated from the

number of electrons released during the oxidation. The conversion factor used for the
calculation is “8 g of COD per mole of electrons” released.
▪

EOS - Linoleic acid: (Molecular wt. = 280.45 g/mol)
C18H32O2 + 34 H2O → 18 CO2 + 100 H+ + 100 eCOD (g COD / g EOS) = (100 mol e- / mol EOS) * (8 g COD / mol e-)
= 800 g COD / mol EOS
= (800 g COD / mol EOS) * (1 mol EOS / 280.45 g)
= 2.853 g COD / g EOS
Electrons liberated per kg:
100

▪

𝑚𝑜𝑙 𝑜𝑓 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠
𝑚𝑜𝑙 𝑜𝑓 𝑙𝑖𝑛𝑜𝑙𝑒𝑖𝑐 𝑎𝑐𝑖𝑑

*

1 𝑚𝑜𝑙 𝑜𝑓 𝑙𝑖𝑛 𝑎𝑐𝑖𝑑
280.45 𝑔

*

1000 𝑔
𝑘𝑔

= 356.57

𝒎𝒐𝒍 𝒐𝒇 𝒆𝒍𝒆𝒄𝒕𝒓𝒐𝒏𝒔
𝒌𝒈 𝒐𝒇 𝒍𝒊𝒏𝒐𝒍𝒆𝒊𝒄 𝒂𝒄𝒊𝒅

Palm oil - Palmitic acid: (Molecular wt. = 256.4 g/mol)
C16H32O2 + 30 H2O → 16 CO2 + 92 H+ + 92 eCOD (g COD / g PO) = (92 mol e- / mol PO) * (8 g COD / mol e-)
= 736 g COD / mol PO
= (736 g COD / mol PO) * (1 mol PO / 256.4 g)
= 2.871 g COD / g PO
Electrons liberated per kg:
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92

𝑚𝑜𝑙 𝑜𝑓 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠
𝑚𝑜𝑙 𝑜𝑓 𝑝𝑎𝑙𝑚𝑖𝑡𝑖𝑐 𝑎𝑐𝑖𝑑

= 358.82

▪

*

1 𝑚𝑜𝑙 𝑜𝑓 𝑝𝑎𝑙𝑚𝑖𝑡𝑖𝑐 𝑎𝑐𝑖𝑑
256.4 𝑔

*

1000 𝑔
𝑘𝑔

𝒎𝒐𝒍 𝒐𝒇 𝒆𝒍𝒆𝒄𝒕𝒓𝒐𝒏𝒔
𝒌𝒈 𝒐𝒇 𝒑𝒂𝒍𝒎𝒊𝒕𝒊𝒄 𝒂𝒄𝒊𝒅

Acetate: (Molecular wt. = 59.044 g/mol)
CH3COO- + 2 H2O → 2 CO2 + 7 H+ + 8 eCOD (g COD / g acetate) = (8 mol e- / mol acetate) * (8 g COD/ mol e-)
= 64 g COD / mol acetate
= (64 g COD/mol acetate) * (1 mol acetate/59.044 g)
= 1.084 g COD / g acetate

Electron liberated per kg:
8

▪

𝑚𝑜𝑙 𝑜𝑓 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠
𝑚𝑜𝑙 𝑜𝑓 𝑎𝑐𝑒𝑡𝑎𝑡𝑒

1 𝑚𝑜𝑙 𝑜𝑓 𝑎𝑐𝑒𝑡𝑎𝑡𝑒

*

59.044 𝑔

*

1000 𝑔
𝑘𝑔

= 135.5

𝒎𝒐𝒍 𝒐𝒇 𝒆𝒍𝒆𝒄𝒕𝒓𝒐𝒏𝒔
𝒌𝒈 𝒐𝒇 𝒂𝒄𝒆𝒕𝒂𝒕𝒆

Lactate (lac): (Molecular wt. = 90.08 g/mol)
C3H5O3- + 3 H2O → 3 CO2 + 11 H+ + 12 eCOD (g COD / g lac) = (12 mol e- / mol lac) * (8 g COD / mol e-)
= 96 g COD / mol lac
= (96 g COD / mol lac) * (1 mol lac / 90.08 g)
= 1.066 g COD / g lac
Electrons liberated per kg:
12

𝑚𝑜𝑙 𝑜𝑓 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠
𝑚𝑜𝑙 𝑜𝑓 𝑙𝑎𝑐𝑡𝑎𝑡𝑒

*

1 𝑚𝑜𝑙 𝑜𝑓 𝑙𝑎𝑐𝑡𝑎𝑡𝑒
90.08 𝑔
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*

1000 𝑔
𝑘𝑔

= 133.22

𝒎𝒐𝒍 𝒐𝒇 𝒆𝒍𝒆𝒄𝒕𝒓𝒐𝒏𝒔
𝒌𝒈 𝒐𝒇 𝒍𝒂𝒄𝒕𝒂𝒕𝒆

A.5.2

Experiment 1 & 2 (10 aqueous mL): COD added
From the previous calculations of COD added per gram of electron donor added,

the following calculations for specific concentrations of electron donor added give us the
exact amount of COD added in each bottle.
▪

EOS:
1 g/L: 2.853 g COD / g EOS * 1 g/L * 10 mL/1000 mL * 1000 mg/g
= 28.53 mg COD
0.1 g/L: 2.853 g COD / g EOS * 0.1 g/L * 10 mL/1000 mL * 1000 mg/g
= 2.85 mg COD

▪

Acetate (A) + lactate(B):
A = 1.084 g COD / g acetate * 5.91 g/L * 10 mL/1000 mL * 1000 mg/g
= 64.064 mg COD
B = 1.066 g COD / g lac * 8.91 g/L * 10 mL/1000 mL * 1000 mg/g
= 94.981 mg COD
A + B = 159.045 ~ 160 mg COD

▪

PO:
1 g/L: 2.871 g COD / g PO * 1 g/L * 10 mL/1000 mL * 1000 mg/g
= 21.53 mg COD
0.75 g/L: 2.871 g COD / g PO * 0.75 g/L * 10 mL/1000 mL * 1000 mg/g
= 28.71 mg COD
0.5 g/L: 2.871 g COD / g PO * 0.5 g/L * 10 mL/1000 mL * 1000 mg/g
= 14.35 mg COD
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1 g/L: 2.871 g COD / g PO * 0.1 g/L * 10 mL/1000 mL * 1000 mg/g
= 2.87 mg COD

A.5.3

Experiment 3 & 5 (100 mL aqueous volume)
For experiments 3 & 5, the objective was to observe the difference in the rate of

TCE reduction when the exact stoichiometric amount of electron donor is added versus the
addition of excess electron donors. The calculations for the number of electrons and COD
required are given below.
Electron acceptor:
•

Input = 20 µmol

•

Every TCE molecule takes 6 electrons to convert to ethene.
C2HCl3 + H+ +2e- → C2H2Cl2 + ClC2H2Cl2 + H+ +2e- → C2H3Cl + ClC2H3Cl + H+ +2e- → C2H4 + Cl-

•

Hence, requirement = 20 * 6 = 120 µmol electrons.
= 0.12 mmol electrons
COD requirement = 0.12 * 10-3 mol e- * 8 g COD/mol e- * 1000 mg/g
= 0.96 mg COD

Electron donor’s stoichiometric requirement:
❖ EOS (Linoleic acid):
▪

1 mol of linoleic gives 100 mol of electrons.

▪

The molecular weight of linoleic acid: 280.4 g/mol

95

▪

Considering 100 mL water,
0.12 mmol of electrons∗1 mmol of EOS
100 mmol of electrons

∗ 280.4

𝑚𝑔
𝑚𝑚𝑜𝑙

/ 100 mL water.

Required concentration = 0.0034 g/L = 3.4 mg/L

❖ Palm oil (Palmitic acid)
▪

1 mol of palmitic acid gives 92 mol of electrons.

▪

The molecular weight of linoleic acid: 256.43 g/mol

▪

Considering 100 mL water,
0.12 mmol of electrons∗1 mmol of palm oil
92 mmol of electrons

∗ 256.43

𝑚𝑔
𝑚𝑚𝑜𝑙

/ 100 mL water.

Required concentration = 0.0034 g/L = 3.4 mg/L

❖ Acetate and lactate:
▪

Calculated for each to satisfy the stoichiometric need independently

▪

Acetate:
•

1 mol of acetate gives 8 mol of electrons

•

The molecular weight of acetate: 59.04 g/mol

•

Considering 100 mL water,
0.12mmol of electrons∗1 mmol of acetate
8 mmol of electrons

= 0.0089 g/L = 8.9 mg/L

▪

Lactate:
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∗ 59.04

𝑚𝑔
𝑚𝑚𝑜𝑙

/ 100 mL water.

•

1 mol of lactate gives 12 mol of electrons

•

The molecular weight of lactate: 89.07 g/mol

•

Considering 100 mL water,
0.12 mmol of electrons∗1 mmol of acetate
12 mmol of electrons

∗ 89.07

𝑚𝑔
𝑚𝑚𝑜𝑙

/ 100 mL water

= 0.009 g/L = 9 mg/L
▪

A.6

Required concentration
•

Acetate: 8.9 mg/L = 0.151 mM

•

Lactate: 9 mg/L = 0.102 mM

THEORETICAL METHANE PRODUCTION
The reduction half-reactions for the conversion of the organic substrate to methane

are used to calculate the maximum methane production potential of each electron donor.
1) Linoleic Acid:
C18H32O2 + 44 H+ + 44 e- → 18 CH4 + 2 H2O
280.45 g of linoleic acid → 288 g of methane
1 kg of linoleic acid gives 1.03 kg of methane

2) Palmitic acid:
C16H32O2 + 36 H+ + 36 e- → 16 CH4 + 2 H2O
256.4 g of palmitic acid → 256 g of methane
1 kg of palmitic acid gives 1 kg of methane
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3) Acetate:
CH3COO- + 9 H+ + 8 e- → 2 CH4 + 2 H2O
59.044 g of acetate → 32 g of methane
1 kg of acetate gives 0.542 kg of methane
4) Lactate:
C3H5O3- + 13 H+ + 12 e- → 3 CH4 + 3 H2O
90.08 g of lactate → 48 g of methane
1 kg of lactate gives 0.533 kg of methane

A.7

THEORETICAL CONSTRUCT
Theoretical calculations are crucial in any experimental setup as they set the

boundaries for the values to expect. The substrates are modeled as specific chemical
compounds that best represent them for ease of calculations. As EOS mainly consists of
soybean oil, the convention is to define it as linoleic acid and the main component of palm
oil is palmitic acid. With the defined chemical compound, the oxidation half-reactions give
us the number of electrons released per molecule of electron donor. This electron number
is used to calculate the amount of TCE that can be reduced, which gives us the TCE loss
potential and the extent to which ethene can be generated, which gives us the ethene
potential. The reactions involving conversion of the organic substrate to methane sets the
upper bound for methane production, which gives us the methane potential of the electron
donor. These calculations are important as they form the baseline for comparison with the
lab data.
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A.8

ELECTRON DONOR CALCULATIONS

A.8.1

Number of electrons liberated and COD calculations
For experimental purposes, we operationally defined EOS as linoleic acid as it

mainly contains soybean oil. Palm oil is modeled as palmitic acid. The number of electrons
liberated by each electron donor is mentioned in the following oxidation half-reactions,
where each compound is converted to carbon dioxide. The chemical oxygen demand
(COD) per gram of compound is calculated from the number of electrons released during
the oxidation. The conversion factor used for the calculation is “8 g of COD per mole of
electrons” released.
Electron Donors

Oxidation half reaction

EOS - Linoleic acid

C18H32O2 + 34 H2O → 18 CO2 + 100 H+ + 100 e-

Palm oil - Palmitic acid

C16H32O2 + 30 H2O → 16 CO2 + 92 H+ + 92 e-

Acetate

CH3COO- + 2 H2O → 2 CO2 + 7 H+ + 8 e-

Lactate (lac)

C3H5O3- + 3 H2O → 3 CO2 + 11 H+ + 12 e-

Thus, linoleic acid liberates 100 moles of electrons per mole oxidized, which
translates to 356.77 moles of electrons per kg of linoleic acid oxidized. The COD added
per gram of linoleic acid is 2.853 g COD. From the equation, palmitic acid liberates 92
moles of electrons per mole of palmitic acid reduced, which translates to 358.82 moles of
electrons per kg of palmitic acid oxidized. Palmitic acid and EOS are long-chain fatty acids
that liberate about ten times as many electrons as acetate and lactate. The COD added per
gram of palmitic acid is 2.871 g COD. Acetate, when oxidized, liberates 8 moles of
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electrons per mole of acetate, which translates to 135.5 moles of electrons per kg of acetate.
The COD added per gram of acetate is 1.084 g COD. Lactate liberates 12 moles of electron
per mol of lactate oxidized, which translates to 133.22 moles of electron per kg of lactate.
Thus, the COD added per gram of lactate added is 1.066 g COD.

A.9

THEORETICAL METHANE PRODUCTION
The reduction half-reactions for the conversion of the organic substrate to methane

are used to calculate the maximum methane production potential of each electron donor.
To be able to calculate the maximum methane that can be produced, I assumed that all the
electrons produced from the oxidization of the electron donor are directed towards
methanogenesis. But in reality, there are multiple reactions taking place at the same time.
The electrons are channeled towards all the electron acceptors present in the bottle. In this
case, mainly TCE reduction and methanogenesis. Thus, the amount of methane produced
will always be less than the theoretical methane calculated.
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A.10

THEORETICAL TCE REDUCED TO cis-DCE PER KG OF
ELECTRON DONORS

As some of the bottles in the experiments have cis-DCE residuals at the end of the
observational period, the molar and mass calculations for the amount of TCE converted to
cis-DCE per kg of electron donor are tabulated below.

Example calculation:
1 kg of palmitic acid produces 358.82 moles of electrons.
1 mol of TCE requires 2 moles of electrons to convert to cis-DCE
1 kg of palmitic acid can convert 179.41 moles of TCE to cis-DCE
Electron donor (per kg)

TCE to cis-DCE

TCE to cis-DCE

Linoleic Acid

178.29 moles

23.43 kg

Palmitic Acid

179.41 moles

23.57 kg

Acetate

67.75 moles

8.91 kg

Lactate

66.61 moles

8.75 kg
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A.11

THEORETICAL TCE REDUCED TO VC PER KG OF ELECTRON
DONORS

As some of the bottles in the experiments have VC residuals at the end of the
observational period, the molar and mass calculations for the amount of TCE converted to
VC per kg of electron donor are tabulated below.

Example calculation:
1 kg of palmitic acid produces 358.82 moles of electrons.
1 mol of TCE requires 4 moles of electrons to convert to VC
1 kg of palmitic acid can convert 89.71 moles of TCE to VC
Electron donor (per kg)

TCE to VC

TCE to VC

Linoleic Acid

89.14 moles

11.71 kg

Palmitic Acid

89.71 moles

11.79 kg

Acetate

33.88 moles

4.45 kg

Lactate

33.31 moles

4.38 kg
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A.12

THEORETICAL TCE REDUCED TO ETHENE PER KG OF
ELECTRON DONOR
As most of the bottles in the experiments have ethene as the final product at the end

of the observational period, the molar and mass calculations for the amount of TCE
converted to ethene per kg of electron donor are tabulated below.

Example calculation:
1 kg of palmitic acid produces 358.82 moles of electrons.
1 mol of TCE requires 6 moles of electrons to convert to ethene
1 kg of palmitic acid can convert 59.80 moles of TCE to ethene
Electron donor (per kg)

TCE to ethene

TCE to ethene

Linoleic Acid

59.43 moles

7.81 kg

Palmitic Acid

59.80 moles

7.86 kg

Acetate

22.6 moles

2.97 kg

Lactate

22.21 moles

2.92 kg

Thus, these calculations will assist in establishing the high and low boundaries for the
compounds being monitored in the lab data.
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APPENDIX D

Experiments and calculations
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Ex 1: Preliminary experiment to observe the effect of different electron donors on
TCE degradation
Experiment 1 (Ex 1) served as a screening experiment where the effect of various
electron donors on the reductive dechlorination of TCE along with methane production
was observed. Although only 20 µmol of TCE was added to each bottle, the initial
concentration of TCE in every bottle was around 100 µmol/bottle. The difference could be
due to discrepancies in TCE addition and the usage of standard bottles that were prepared
years ago. VC was not monitored during this experiment. Thus, we consider this only a
preliminary experiment to observe the trend and not derive much meaning from the values
seen. The GC readings were taken every seven days for 50 days. We can observe that in
the monitored span, the bottles with acetate-lactate, 1000 mg/L PO, and 500 mg/L PO
completely reduced TCE. All the other bottles have residual TCE in them.

The sterile bottles show no sign of degradation, which was expected as there are no
living microorganisms. The fluctuations in TCE concentration observed in Figure A-1(A)
are due to the technical anomalies in the GC. Thus, the trend in the sterile bottles can be
used as a reference when analyzing the other control and experimental bottles. The
unamended bottles have about 3% of TCE converted to cis-DCE, as shown in Figure A-1
(B). This could be due to the utilization of nutrients and electron donors naturally present
in the soil.
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Sterile

15

TCE
(μmol/bottle)

250

100

50

200
10

150
100

5

cis-DCE
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0
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1
0
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0
0
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0

4
3
2
1
0
0

20

Days

Figure A-1: Ex 1 -Mass per bottle of TCE, daughter products and methane in: (A) Sterile
(B) Unamended

EOS has a slower degradation rate, and thus, electrons available for degradation are
much less in the observed time frame. Figures A-2(A) and A-2(B) suggest that the higher
concentration of EOS has a slightly better conversion percentage when compared to the
bottles with a lower concentration, with about 15% of TCE converted to cis-DCE.
Although there is less conversion of TCE to the daughter products, we see a comparatively
higher production of methane which is directly proportional to the amount of electron
donor added.
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50

300

20
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Figure A-2: Ex 1- Mass/bottle of TCE, daughter products and methane in: (A) EOS 100
mg/L (B) EOS 1 g/L

Acetate and lactate are effective electron donors that easily degrade to provide free
electrons. Thus, we see a complete conversion of TCE to ethene in a short amount of time.
On the downside, it also frees up electrons for methanogenesis. In Figure A-3(A), we can
see that it produces the highest amount of methane, reaching about 150 µmol/bottle.

Triplicates of 1000 mg/L, 500 mg/L, and 100mg/L of palm oil were used in the
experiment. The bottles with 1000 mg/L produced the best result as there was no residual
TCE, and we can even see the onset of conversion to ethene in figure A-3(B). In the bottle
with 500 mg/L palm oil, TCE went to complete nil on the 49th day, and about 50% was
converted to cis-DCE, as seen in figure A-4(A). Whereas in figure A-4(B), we can see that
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there was less than 10% conversion of TCE in the bottle with 100 mg/L of palm oil. But
we can conclude that palm oil facilitates a faster degradation of TCE when compared to
EOS. Similar to the trend observed in EOS bottles, methane production is directly
proportional to the amount of palm oil added.
Palm oil 1g/L
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cis-DCE, Ethene
(μmol/bottle)
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0
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60

20
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Figure A-3: Ex 1- Mass/bottle of TCE, daughter products and methane in: (A) Acetate lactate (B) PO 1 g/L
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Figure A-4: Ex 1- Mass/bottle of TCE, daughter products and methane in: (A) PO 500
mg/L (B) PO 100 mg/L
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Ex 3: The rate of TCE degradation in medium bottle with stoichiometric electron
donor supply – pH data
Type

Unamended

Sterile

EOS 3.4 mg/L

EOS 34 mg/L
Acetate Lactate
Palm Oil
3.4 mg/L
Palm Oil
34 mg/L

Sample number
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3

Day 0
7.35
7.32
7.27
7.13
7.32
7.36
7.16
7.11
7.19
7.24
7.2
7.16
7.18
7.32
7.19
7.27
7.13
7.19
7.18
7.23
7.18
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Day 10
7.47
7.28
7.32
7.21
7.28
7.34
7.19
7.16
7.19
7.29
7.36
7.27
7.35
7.4
7.21
7.23
7.17
7.21
7.19
7.18
7.21

pH
Day 18
7.27
7.31
7.28
7.21
7.31
7.46
7.29
7.24
7.19
7.34
7.37
7.29
7.28
7.33
7.28
7.26
7.25
7.27
7.23
7.22
7.2

Day 27
7.26
7.33
7.27
7.18
7.31
7.36
7.23
7.19
7.26
7.4
7.36
7.25
7.28
7.33
7.35
7.3
7.21
7.3
7.16
7.24
7.2

Day 36
7.29
7.29
7.25
7.25
7.31
7.37
7.25
7.12
7.15
7.28
7.25
7.21
7.33
7.34
7.28
7.22
7.14
7.17
7.13
7.19
7.14

Ex 5: Repeated experiment performed to resolve the issue of the residual electron
donor concentration - Calculations
Calculation of the residue:
Old culture bottle: 100 mL of 10 mM lactate
=10-3 mol of lactate present in 100 mL
About 10 mL of culture will contain 0.1 mmol of lactate.
Experiment 3 - unamended bottles: 0.1 mmol of lactate in 100 mL
= 1 mM
= 89.1 mg/L (which is about 10 times higher than the amendment itself)
Experiment 5 - unamended bottles: 10 mL of culture from experiment 3 unamended
bottles will contain 0.001 mmol of lactate.
= 0.01 mM
= 0.89 mg/L

A.13

Techno-economic analysis calculations
EOS 1g/L
20 g soil + 10 mL lake water + 20 µmol of TCE + 1000 mg/L of EOS
Input: 20 µmol of TCE = 2.63 mg of TCE
10 mg of linoleic acid
Output after 70 days:
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•

10 µmol of residual TCE

•

2 µmol of cis-DCE

•

10 µmol of ethene

•

2 µmol of methane

Ethene: 10 * 10-6 mol * 28.05 g/mol = 0.28 mg of ethene
1 mg of linoleic acid can convert 7.81 mg of TCE to ethene
Therefore, for 0.28 mg of ethene, 0.036 mg of linoleic acid used

cis-DCE: 2 * 10-6 mol * 96.95 g/mol = 0.2 mg of cis-DCE
1 mg of linoleic acid can convert 23.43 mg of TCE to cis-DCE
Therefore, for 0.2 mg of cis-DCE, 0.00854 mg of linoleic acid used

Methane: 2 * 10-6 mol * 16.04 g/mol = 0.032 mg of methane
1 mg of linoleic acid can produce 1.03 mg of methane
Therefore, for 0.032 mg of methane, 0.031 mg of linoleic acid used

Total linoleic acid used = 0.07554 mg
Thus, 0.76% utilization with only 50% conversion of TCE
Acetate-Lactate
20 g soil + 10 mL lake water + 20 µmol of TCE + 5.91 g/L of acetate + 8.91 g/L of
lactate
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Input: 20 µmol of TCE = 2.63 mg of TCE
5910 mg of acetate
8910 mg of lactate
Output after 70 days:
•

20 µmol of ethene

•

150 µmol of methane

Ethene: 20 * 10-6 mol * 28.05 g/mol = 0.561 mg of ethene
1 mg of acetate-lactate mixture can convert 2.95 mg of TCE to ethene
Therefore, for 0.561 mg of ethene, 0.19 mg of acetate-lactate used

Methane: 150 * 10-6 mol * 16.04 g/mol = 2.406 mg of methane
1 mg of acetate-lactate mixture can produce 0.538 mg of methane
Therefore, for 2.406 mg of methane, 4.48 mg of acetate-lactate used

Total acetate-lactate mixture used = 6.886 mg
Thus, 4.65% utilization with 100% conversion of TCE

Palm oil 1 g/L
20 g soil + 10 mL laSSke water + 15 µmol of TCE + 1 g/L palm oil
Input: 15 µmol of TCE = 1.971 mg of TCE
10 mg of palmitic acid
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Output after 70 days:
•

15 µmol of ethene

•

4 µmol of methane

Ethene: 15 * 10-6 mol * 28.05 g/mol = 0.421 mg of ethene
1 mg of palmitic acid can convert 7.86 mg of TCE to ethene
Therefore, for 0.421 mg of ethene, 0.054 mg of palmitic acid is used

Methane: 4 * 10-6 mol * 16.04 g/mol = 0.0642 mg of methane
1 mg of palmitic acid can produce 1 mg of methane
Therefore, for 0.0642 mg of methane, 0.0642 mg of palmitic acid is used

Total palmitic acid used = 0.1182 mg
Thus, 1.18% utilization with 100% conversion of TCE
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